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ABSTRACT OF DISSERTATION 
THRESHOLD IONIZATION SPECTROSCOPY AND SPIN-ORBIT COUPLING 
OF LANTHANIDE COMPLEXES   
The C-C and C-H bonds have high bond strength and low polarization, which make 
many small hydrocarbons too inert to react with other molecules under ambient pressure 
and temperature conditions. Therefore, activation of these bonds is required to convert such 
small molecules into other value-added chemicals. Among various bond activation 
methods, metal activation is widely used and reported in the literature, because of its 
relatively mild reaction conditions and high selectivity. 
In this work, Ce atom reactions with several small hydrocarbons are carried out in a 
pulsed laser vaporization supersonic molecular beam source, and Ce -hydrocarbon species 
are observed with time-of-flight mass spectrometry and characterized by mass-analyzed 
threshold ionization (MATI) spectroscopy and theoretical calculations. The small 
hydrocarbon compounds include ethylene, propene, 2-butene, and iso-butene. In addition 
to these alkene molecules, ammonia is used to investigate the N-H bond activation and 
compare with the C-H activation of the alkene molecules. Ammonia reaction with La atom 
is also included in this work to help investigate effects of the Ce 4f1 electron on the Ce 
reactivity and MATI spectra of Ce-containing species. The theoretical calculations include 
quantum chemical computations and spectral simulations. The quantum chemical methods 
include density functional theory, electron correlation, and spin-orbit coupling, and the 
spectral simulations are based on multi-dimensional Frack-Condon factor calculations.  
Vibrationally-resolved MATI spectra are obtained for Ce(C2H2) formed through 
ethylene dehydrogenation, Ce(C3Hn) (n = 4 and 6) by the C-H and C-C bond activation of 
propene, Ce(C4H6) two isomers from the C-C bond coupling of ethylene and 
dehydrogenation of 2- and iso-butene, and LnNH (Ln= La and Ce) formed in the Ce and 
La reactions with ammonia. The MATI spectra of Ce-hydrocarbon and CeNH complexes 
consist of two or more vibronic band systems due to spin-orbit coupling between the Ce 4f 
and 6s electrons, while the spectrum of LaNH has only one vibronic band system. The 
ground valence electron configurations of all Ce-containing species are Ce 4f16s1, while 
that of LaNH is La 6s1.  Ionization removes the Ce 6s1 or La 6s1 electron and produces 
doublet electronic states for the Ce-containing species and a singlet state for LaNH. The 
remaining two 5d electrons that are associated with bare Ce or La atom are spin paired in 
one or two molecular orbitals that are in binding combinations with ligand orbitals. 
KEYWORDS: Supersonic metal cluster beam source, MATI spectroscopy, time-of-flight 
mass spectrometry, Ce- and La-containing molecules, spin-orbit coupling, quantum 
chemical calculations. 
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CHAPTER 1.  INTRODUCTION AND BACKGROUND INFORMATION 
1.1 Introduction 
Small hydrocarbons are abundant in the nature; however, due to the high strength and 
low polarization of C-C and C-H bonds,3 many of these  compounds are too inert to react 
with other molecules at ambient pressures and temperatures. Hence, activation of the 
chemical bonds in such small molecules are crucial. Four activation methods are reported 
in the literature, which are thermal activation, super acid-mediated activation, 
photoactivation, and metal-mediated activation.4 Thermal activation lacks selectivity and 
consumes a lot of energy. Superacid-mediated activation has relatively good selectivity but 
requires harsh reaction conditions. Photoactivation is a highly selective method but 
expensive. Metal-mediated activation is a highly selective and economical. Among these 
methods, metal-mediated activation  has  thus been widely reported in the literature4-13, 
especially for reactions between transition metal atoms (e.g., Y, Nb, Zr, Pt, and Ir) and 
small hydrocarbons.14-16 
Although the C-C bond (~ 90 kcal∙ mol-1) is usually weaker than the C-H bond (100 
kJ∙       mol-1) in small hydrocarbon compounds, C-H bond activation by transition metals 
is observed to be easier than C-C bond activation. This is because in hydrocarbon 
compounds, C-H bonds are usually more than C-C bonds, and metal hydrogen bonds are 
stronger than metal carbon bonds. In addition, the 1s orbital of the H atom tends to form a 
multicentric  transition state with a  metal center, thereby reducing the energy barrier for C-
H bond activation.17 On the other hand, a 2p orbital of the carbon atom has a high degree 
of directivity and forms two center-two electron bonds with a metal center. This type of 
2 
bond formation often has a higher activation barrier.18 Among small hydrocarbons, alkenes 
and alkynes are more reactive than alkanes. This is because metal binding to the π electrons 
of a CC bond in unsaturated hydrocarbons is much stronger than that to the σ electrons of  a 
CH bond in alkanes.10  Based on the Dewar-Chatt-Duncanson model,   metal-alkene or -
alkyne binding is provided   by the donation of hydrocarbon π electron density to an empty 
metal d orbital and backdonation of electrons from a full metal d orbital to an empty π 
orbital of the hydrocarbon. This bonding mechanism enhances metal - -hydrocarbon 
bonds.19 For alkanes such as methane, there is a strong repulsive force between the CH 
electrons and the metal s or d electrons, which weakens the metal-hydrocarbon interaction. 
As a result, olefin1s and alkynes are more reactive to transition metals than alkanes.    
In the past few decades, a large number of studies have been reported on metal 
reactions with hydrocarbons in condensed 19-22 and gas phases 3, 23-36. Compared to 
condensed-phase systems, gas-phase systems are immune to solvents and counter 
ions. Therefore, gas-phase studies provide an effective method to study the inherent 
reaction modes, reaction mechanisms, and structure and reactivity relationships of key 
intermediates and to distinguish the inherent chemical reactivity from the effects of 
solvents and counter ions. 
Most gas-phase studies on transition metal - hydrocarbon reactions have focused on 
metal ion (M+) reactions.27, 37-40 Studies of metal ion reactions have the advantages of 
strong metal - carbon and -hydrogen bonds and easy identification of products.37, 39-
40 However, compared to neutral metal systems, gas-phase metal ions may be less 
representative of condensed-phase species. For example, regardless of the oxidation state 
of the metal center in a solution-phase metal complex, the net charge on the metal center 
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is rarely as large as 1+ or 2+, as in an isolated metal ion in the gas phase. Moreover, unlike 
those in the solution phase, the long-range forces between hydrocarbons and bare metal 
ions in the gas phase are attractive. In contrast, a long-range force between a hydrocarbon 
and a neutral metal atom is generally as repulsive as that in the solution phase. However, 
neutral metal atom reactions are more difficult to study because the products cannot be 
monitored directly by mass spectrometry. Alternative methods, such as laser fluorescence 
or photoionization  coupled with crossed molecular beams 17, 29-32, 41 or  fast-flow reactors, 
have been used to monitor reaction products.25, 42-47 The crossed molecular beam method 
has been used to study  reactions at different collision energies, and information on the 
branching ratio of  reaction products is  generated, while the fast-flow reactor method has 
been used to measure  reaction rate constants. These studies provide important data, but 
they are not enough for designing very convincing reaction pathways. Another important 
piece of information is the electronic state and molecular structure of intermediates and 
products. The electronic states and molecular structures of transition metal hydrocarbon 
complexes reported in the literature largely come from theoretical predictions.18, 35, 48 
However, since there may be many low-energy isomers for each complex and the high-
density low-energy excited states of each isomer, reliable prediction of the electronic and 
molecular structures becomes very challenging. Therefore, reliable identification of 
molecular structures and electronic states often requires confirmation of high-quality 
spectroscopic measurements.  
Our group  has been using  mass-analyzed  threshold ionization (MATI) 
spectroscopy49 to study metal-mediated activation of small hydrocarbon molecules in the 
gas phase.  Previously, Sudesh Kumari,50-55 Dilrukshi Hewage,56-59 and Wenjin Cao60-
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63 investigated  reactions of La with small alkenes and alkynes.  In their research, they 
identified the structural isomers and electronic states of products and intermediates. My 
work focuses on hydrocarbon reactions with the second element of the lanthanide series, 
which is cerium (Ce). The ground electron configuration of Ce atom is [Xe]4f5d6s2, 
which has an additional 4f electron than La ([Xe]5d6s2). The motivation for my work was 
to compare the reactivities of the two lanthanide metals and the MATI spectra of Ce- and 
La-containing complexes formed in the hydrocarbon activation reactions.  It was assumed 
that the reactivity of Ce atom with hydrocarbons should be similar to that La atom because 
the Ce 4f electron is not expected to participate in reactions in any significant manner due 
to the compact nature of the 4f orbitals. It was also hypothesized that MATI spectra and 
electronic energies levels of the Ce-containing molecules should be more congested than 
those of the corresponding La-containing species because of possible spin-orbit (SO) 
coupling associated with the 4f electron.  
1.2 Experimental Methods 
Spectroscopy is the study of the interaction between light and matters.  A beam of light 
from a source of radiation (such as a laser) passes through a sample in a container, and 
resultant signal is detected by a detector. The data recorded by the detector is normally 
collected by some kind of devices (such as a computer) and is displayed on a screen.  The 
detected signals can have different forms, such as photons, electrons, or ions. The plotting 
of the signal intensity versus the frequency of the radiation is called a spectrum.  The main 
spectroscopic method used in my work is MATI spectroscopy, which is developed from 
conventional photoelectron spectroscopy (PES) and zero electron kinetic energy (ZEKE) 
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spectroscopy.  Thus, I will first describe PES and ZEKE, followed by the discussion on the 
MATI technique.  
1.2.1 Conventional Photoelectron Spectroscopy 
 Photoelectron spectroscopy (PES) is based on the photoelectric effect which is shown 
in Figure 1.1. It was first observed by Heinrich Hertz in 1887, and Albert Einstein found a 
way to give a theoretical explanation in 1905.64  PES was developed by Turner in 1960s.65 
Equation (1.1) describes  the  photoelectric effect for atoms or molecules. when the incident 
photon energy is above ionization threshold of an atom or a molecule, it will remove an 
electron from the target atomic or molecular species  
M + hν → M+ + e-        -
(1.1) 
where h is the Planck constant, ν is the photon frequency, M and M+ represent neutral and 
ionic atomic or molecular species, respectively. For neutral atoms or molecules, the 
minimum energy required to remove an electron from the highest occupied orbital is called 
adiabatic ionization energy (AIE). The relationship among the kinetic energy of the emitted 
electron (Ek), the frequency of the photon, and the AIE of the neutral specie is described 
by formula (1.2)      
kAIE Eυ= − (1.2) 
where AIE is defined as 
ion neutral kAIE E E= −  (1.3) 
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and Eion and Eneutral are total energies of the ground states of ions and neutral atoms or 
molecules, respectively, including electronic, vibrational, and rotational energies.  PES is 
widely used because it does not require a tunable light source and is thus relatively simple 
to set up and perform.  The spectral resolution of PES, however, is not high enough to 
resolve vibrational energy levels of polyatomic metal-containing molecules because of its 
limited capability to separate electrons with small kinetic energy differences.  
1.2.2 Zero Electron Kinetic Energy Spectroscopy 
 To improve the spectral resolution of conventional PES,  Muller - Dethfs, Schlager, 
and Sander developed a technique called zero electron kinetic energy (ZEKE) spectroscopy 
in 1984.66-71 
 The main advantage of the ZEKE technique over the conventional PES method is its 
remarkable high spectral resolution.72  As shown in Figure 1.2, the ZEKE method requires 
a tunable light source for ionization and detects the zero kinetic energy electrons that are 
formed when  the energy of the incident photon equals the transition energy from a neutral 
energy state to a ion energy state. Figure 1.3 compares the He-I PE (a) and ZEKE (b) 
spectra of Cr(C6H6)2.1-2 The conventional PE spectrum  is  obtained by collecting kinetic 
electrons ejected by photons from a He discharge lamp with energy  21.2 eV (He I) and 
58.4 eV (He II). The ZEKE spectrum is obtained by scanning laser wavelength crossing 
each ionization threshold of the metal complex and detecting only ZEKE electrons.  The 
PES spectrum shows a single broad band around 5.5 eV with the full width at half 
maximum intensity (FWHM) of the band ∼600 cm -1, while the ZEKE spectrum displays 
multiple narrow band in the same energy window with the band FWHM of ~ 5 cm-1. Thus, 
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the spectral resolution of the ZEKE spectrum is about 100 times better than that of the He 
I PES spectrum.    
There are two ways to generate ZEKE electrons. One is through threshold 
photoionization (TPI) of the molecule, and the other is through pulsed field ionization 
(PFI) of high-lying Rydberg states prepared by laser excitation. 
 In TPI ZEKE, electrons are generated by direct photoionization and are separated  
from kinetic energy electrons by a time delay from photoionization.72 Electrons with 
kinetic energies are produced when the incident photon energy is greater than the transition 
energy between a pair of neutral and ion states.  After a short time delay (typically a few 
microseconds), electrons with non-zero kinetic energies will move away from the 
ionization region, but ZEKE electrons will remain at the point where they were 
produced. Depending on their locations and velocity vectors, kinetic electrons could be 
blocked by the geometry of the instrument from entering detecting window or could have 
a longer or shorter travelling time to the detector than the ZEKE electrons.  
As shown in Figure 1.4, kinetic electrons labeled 4 and 5 cannot reach the detector 
because they are outside the detecting window, while kinetic electrons labeled 1 and 2 and 
the ZEKE electron labeled 3 will arrive at the detector but at different times.  Because of 
the time differences, one can collect ZEKE electrons only and throw away all kinetic 
electrons by using a time gate. However, the challenge for the ZEKE techniques through 
direct photoionization is that due to the unavoidable stray electric field present inside the 
instrument, the ZEKE electrons which are negative charged may be driven out of the 
detection window by the stray electric field, which greatly reduce the ZEKE collection 
efficiency.   
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To increase the ZEKE collection efficiency, ZEKE experiments are performed in two 
steps: photoexcitation and delayed electric field ionization. Photoexcitation excites neutral 
molecules to high-lying Rydberg states. These high-lying Rydberg states have a principal 
quantum number of 150 or larger and are located only a few cm-1 below the ionization 
continuum.  Because of the large principal quantum number, the Rydberg electrons are 
very far away from the atomic or molecular core and experience small Coulomb attraction 
with the core as nucleus-electron attractions are shield by other electrons that are closer to 
the molecular core. The Rydberg electrons orbit around the molecular core like the electron 
of a hydrogen atom. Moreover, the high-lying Rydberg electrons have surprisingly long 
lifetime (typically on the order of microseconds), and long lifetime is assumed to be due to 
the strong mixing of orbital angular and magnetic momenta induced by the stray field and 
nearby ions.73-74 Because of the long lifetime and the closeness to the ionization threshold, 
a small pulsed electric field (typically a few Vcm-1) can be used for ionization of the 
Rydberg states after some time delay (typically a few microseconds) from photoexcitation. 
Because they are not electrically charged, the Rydberg states are not affected by the 
instrument stray field and stay where they were produced during the time delay. On the 
other hand, kinetic electrons are affected by the stray field and will move out the detection 
window during the time delay.  Therefore, the two-step ZEKE (or pulsed field ionization 
(PFI)-ZEKE has a much higher collection efficiency with low noise from the kinetic 
electrons than the single-step ZEKE via direct photoionization. The electric field effect on 
the AIE can be corrected by performing measurements with various field strengths and 
calculated using Equation (1.4) presented below 
 
fAIE C E∆ =    (1.4) 
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where ∆AIE is in cm-1,  Ef is in V/cm,  C is a constant determined by various ZEKE 
measurements  with different ionization field strengths and extrapolating to zero 
field.2 Practically, the correction caused by the pulsed field is smaller than the linewidths 
of the ZEKE spectra of metal complexes studied in this work. 
1.2.3 Mass-Analyzed Threshold Ionization Spectroscopy 
Although it has so many advantages, PFI-ZEKE is difficult to distinguish electrons 
from different molecules with similar AIEs in the molecular beam. To solve this problem 
Langchi Zhu et al.  developed the MATI technique.49 MATI  is similar to PFI-ZEKE, but 
it detects the cations generated from the pulsed field ionization rather than the electrons. 
Hence, MATI has the advantage over PFI-ZEKE for mass identification by combining with 
time of flight mass spectrometry (TOF-MS). Such mass identification capability is very 
import for studying chemical reactions as a reaction mixture may contain many molecular 
species with similar AIEs. Because an ion is much heavier than an electron, separation of 
ions produced by direct photoionization from ions produced by delayed field ionization 
requires a stronger electric field and often requires addition DC field.  Furthermore, a 
stronger ionization field ionize more Rydberg states, which leads to a lower spectral 
resolution in a MATI spectrum than a PFI-ZEKE spectrum. For metal complexes, the PFI-
ZEKE technique typically provides a spectral resolution of a few cm-1, while MATI has a 
resolution 20-30 cm-1.  However, the mass identification capability of MATI is 
indispensable for investigating reactive metal-ligand species formed in metal-mediated 
bond activation reactions presented in this work.  
10 
1.2.4 Advantages of Applying MATI Technology in Metal Activation of Small 
Organic Molecules  
In studying metal and small organic molecule reactions, the MATI technique has 
several advantages over other spectroscopic methods. First, ionization energies of metal 
complexes, especially those containing early transition metals or lanthanide elements, are 
below 6 eV and in the window of commercially available frequency-doubled dye lasers. 
Thus, spectra of these metal-containing species can be obtained with a single-photon 
process. This is a huge advantage over the resonant two photoionization (R2PI) technique 
that requires information of excited state energies. For reactive metal-containing species, 
the excited state information is often not available because their short lifetime.  Second, 
the lifetime of Rydberg states of small metal complexes has been found on the order of 
microseconds, which allows a time delay between photoexcitation and field ionization. 
Thus, MATI is a quite universal method for studying this type of chemical species. Third, 
the resolution of MATI spectra is sufficient for resolving vibrational energy levels even in 
the far infrared region (IR) (10- 400 cm-1). Although infrared vibrational spectroscopy is 
powerful for measuring vibrational frequencies of organic molecules, it is difficult for 
vibrational modes of heavy metal-metal or metal-ligand vibrational modes which are often 
below 350 cm-1. The limitation of the IR technique is due to the lack of a tunable IR source 
and detector in the far IR region. 
1.2.5 Time-of-Flight Mass Spectrometry 
In my work, I use TOF-MS to identify chemical compositions of reaction 
intermediates and products.  It measures the flight time of ions from the ionization point to 
the detector to determine the mass of the ions. After ionization, the resultant ions are 
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accelerated by an electric field to obtain their kinetic energies (KE) before entering the 
field-free TOF tube. The KE of an ion is related to the mass and velocity of the ion, and 
the relation is presented in Equation (1.5).  
 21
2
KE mv=                                                                (1.5) 
For a given electric field, ions with the same charge but different masses have equal kinetic 
energy. Therefore, for two singly-charged ions with masses m1 and m2 and velocities v1 
and v2, we have 
2 2
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2
1 2
2 1
m v
m v
 
=  
 
                                                 (1.6) 
For a given flight distance L, formula (1.6) becomes 
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                            (1.7) 
Thus, by measuring the known ion mass (m1) and its flight time (t1), the flight time (t2) of 
an unknown ion, we can determine the unknown mass ion (m2). In my experiments, I used 
Ce atom and CeO molecule as references. 
1.3 Theoretical Calculations 
Computational chemistry uses computers and computational software or codes to help 
solve chemistry problems. The purpose of computational chemistry is to obtain basic 
properties of atoms and molecules and to investigate reaction mechanisms of chemical 
reactions based on quantum mechanics and statistical thermodynamics.  
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 The basic properties of molecules include molecular geometries and electronic states 
and energies at minimum energy stationary points and at transition states.   The molecular 
geometries and electronic energy at each stational point can be used to predict possible 
reaction mechanisms for metal-mediated bond activation reactions. In addition to quantum 
chemical calculations, I also simulate MATI spectra based on the Franck-Condon (FC) 
principle by calculating multidimensional FC factors for specific vibronic transitions. 
Simulated spectra are then compared with the measured spectra to determine the molecular 
structures and electronic states of metal complexes of interest. In the following subsections, 
I will briefly describe various quantum chemical methods and spectral simulations used in 
my work. 
1.3.1 Ab Initio Method   
 Ab initio is a Latin word from the beginning, meaning "starting from beginning." It 
computes atomic and molecular properties from the first principle without using any 
parameters from experimental measurements. In quantum mechanics, the fundamental 
properties of a molecule can be described by a wave function (Ψ). If the wave function of 
the molecule is known, the energy of the molecule can be calculated by solving the time-
independent Schrödinger equation. 
ĤΨ =  EΨ                                                          (1.8) 
where Ĥ is the Hamiltonian operator, and it is a mathematical operator used to characterize 
the total energy of a given molecular system. The wavefunction Ψ is the eigen function of 
the Hamiltonian operator and E is the corresponding eigen value, which is the total energy 
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of the molecular system, or the sum of kinetic energy and potential energy. The kinetic 
energy (KE) of a particle is related to its momentum (p) and mass (m), 
𝐾𝐾𝐾𝐾 = 𝑝𝑝
2
2𝑚𝑚
(1.9) 
and the corresponding operator of kinetic energy in quantum mechanics is 
𝐾𝐾𝐸𝐸� = −�
ℏ2
2𝑚𝑚
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2𝑚𝑚
� ∇2        (1.10) 
These partial derivatives apply to all spaces, which are x, y and z in Cartesian coordinates 
and are called Laplacian operator  ∇2.  
 On the other hand, since the molecules are composed of nuclei and electrons, the 
potential energy term of the Ĥ operator can be expressed as the interaction between the 
nuclei and electrons. When we put both kinetic and potential energies together, the 
Hamiltonian operator can be written as following: 
Ĥ =  − ∑ ℏ
2
2𝑚𝑚𝑒𝑒
∇ 𝑖𝑖
2
− ∑ ℏ
2
2𝑚𝑚𝑘𝑘
∇ 𝑘𝑘
2
−𝑘𝑘 ∑ ∑
𝑍𝑍𝑘𝑘
𝑟𝑟𝑖𝑖𝑘𝑘
+ ∑ ∑ 1
𝑟𝑟𝑖𝑖𝑖𝑖
+𝑗𝑗>𝑖𝑖𝑖𝑖 ∑ ∑
𝑍𝑍𝑘𝑘𝑍𝑍𝑙𝑙
𝑟𝑟𝑘𝑘𝑙𝑙𝑙𝑙>𝑘𝑘𝑘𝑘𝑘𝑘𝑖𝑖𝑖𝑖
           (1.11) 
 (1)                 (2)                   (3)                  (4)                 (5) 
where i and j go through all the electrons, and k and l are for all the nuclei, me and mk 
represent the masses of an electron and a nucleus, respectively, Z is the charge of the nuclei 
(atomic number), and r is the distance. Terms (1) and (2) represent the total kinetic energy 
of electrons and nuclei, respectively. The last three terms represent the potential energies, 
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which describe the nucleus-electron attraction, electron-electron repulsion, and nucleus-
nucleus repulsion, respectively.   Theoretically, if the Schrödinger equation can be 
solved exactly, many desired properties, such as energies, electron densities, and optimized 
geometries, can be obtained without an error. However, the Schrödinger equation cannot 
be solved exactly for the system with more than one electron. Some approximations have 
to be applied to solve the many body Schrödinger equation. 
First, the Born-Oppenheimer approximation75 needs to be applied, where the position 
of the nucleus is assumed to be fixed, as  the movement of heavy nucleus is too slow 
compared to that of  an electron.  In this case the distances between the nuclei will be 
constants, and the nuclear repulsion can be calculated easily.  Additionally, the nuclear 
kinetic energy term can be ignored. Hence, only terms (1), (3), and (4) left in the 
Hamiltonian operator need to be considered, and then the electron Hamiltonian operator 
becomes 
 Ĥ𝑒𝑒𝑙𝑙𝑒𝑒𝑒𝑒 =  − ∑
ℏ2
2𝑚𝑚𝑒𝑒
∇ 𝑖𝑖
2
− ∑ ∑ 𝑍𝑍𝑘𝑘
𝑟𝑟𝑖𝑖𝑘𝑘
+ ∑ ∑ 1
𝑟𝑟𝑖𝑖𝑖𝑖𝑗𝑗>𝑖𝑖𝑖𝑖𝑘𝑘𝑖𝑖𝑖𝑖
                                      (1.12) 
                                             (1)              (2)                (3) 
where, the subscript “elec” means the terms in the operator are all related to electrons.  
Besides the Ĥ𝑒𝑒𝑙𝑙𝑒𝑒𝑒𝑒 operator, we still need a way to generate an appropriate Ψ to solve the 
Schrödinger equation.  Even though  Ĥ𝑒𝑒𝑙𝑙𝑒𝑒𝑒𝑒  has only 3 terms, for atoms or molecules that 
contain more than one electron, the equation is still impossible to be solved exactly.  Hence, 
a number of approximate methods have been developed to solve the Schrödinger equation 
of a multi-electron system. 
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1.3.2 Hartree - Fock Theory 
  The first and simplest type of ab initio calculations is called Hartree-Fock (HF) theory. 
The fundamental assumption of the HF theory is that all the electrons in the system are 
isolated. Moreover, the wavefunction of the whole system can be treated as antisymmetric 
product of electron spin and spatial functions. The molecular orbital wavefunctions are 
made from the linear combination of the atomic orbitals (LCAO). For a closed shell 
molecule, the wave function can be written as a form of Slater determinant (ΨSD): 
1 2
1 2 2
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 (1.13) 
where χ is the wavefunction of each electron, which is the product of a spatial orbital φ and 
a spin function of either α = +1/2 or β = −1/2. Based on the Born-Oppenheimer 
approximation, the Hamiltonian operator can be separated to the electronic part (Ĥ𝑒𝑒𝑙𝑙𝑒𝑒𝑒𝑒) 
and nuclear part (Vnu). Since the wavefunction is only related to electrons, the energy 
calculated via the HF method can be depicted as  
𝐾𝐾𝐻𝐻𝐻𝐻 = 〈𝛹𝛹𝑆𝑆𝑆𝑆�Ĥ𝑒𝑒𝑙𝑙𝑒𝑒𝑒𝑒�𝛹𝛹𝑆𝑆𝑆𝑆〉 + 𝑉𝑉𝑛𝑛𝑛𝑛  (1.14) 
in which the 𝑉𝑉𝑛𝑛𝑛𝑛 is separated out.  If we put Equation (1.13) and Equation (1.12) into 
Equation (1.14), we have  
𝐾𝐾𝐻𝐻𝐻𝐻 = 2∑ 𝐻𝐻𝑖𝑖𝑖𝑖
𝑛𝑛/2
𝑖𝑖=1 + ∑ ∑ (2𝐽𝐽𝑖𝑖𝑗𝑗 − 𝐾𝐾𝑖𝑖𝑗𝑗)
𝑛𝑛/2
𝑗𝑗=1 +
𝑛𝑛/2
𝑖𝑖=1 𝑉𝑉𝑛𝑛𝑛𝑛 (1.15) 
where n is the total number of the electrons, i and j run over all the electrons and Vnu is the 
potential energy of nucleus. 𝐻𝐻𝑖𝑖𝑖𝑖 represents the kinetic energy of the ith electron and the 
attraction energy between the nuclei and this electron and can be written as  
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𝐽𝐽𝑖𝑖𝑗𝑗 is called Coulomb integral, which represents the repulsion between any two electrons. 
𝐾𝐾𝑖𝑖𝑗𝑗 is called exchange integral, which arises from the Slater determinant expansion terms, 
and it represents the interactions between the electrons with the same spin. The J and K 
integrals have the most “errors” generated in the HF theory because they don’t treat 
individual electron-electron interactions. Instead, they treat the interactions as an average 
over all the electrons as a “charge cloud” and solve the interaction energy between the 
cloud with a single electron. This is called mean field approximation. 
 If only one electron is considered, a new operator 𝐹𝐹�, named Fock operator, can be 
defined as 
                           𝐹𝐹�(1) = 𝐻𝐻�𝑖𝑖𝑖𝑖(1) + ∑ �2𝐽𝐽𝑗𝑗(1) − 𝐾𝐾𝑗𝑗(1)�    𝑛𝑛𝑗𝑗=1                               (1.17) 
𝐹𝐹�(1)𝜙𝜙𝑖𝑖(1) = 𝜀𝜀𝑖𝑖𝜙𝜙𝑖𝑖(1)                                                   (1.18) 
where 𝜀𝜀𝑖𝑖 is the energy of the ith molecular orbital.  Starting from the single electron Fock 
operator and based on the Roothaan equation76 and variational theory,  a Nth (N= number 
of basis functions) order of secular equation needs to be set up and solved to obtain the 
total energy of the molecule and the molecular orbitals. 
11 11 12 12 1 1
21 21 22 22 2 2
1 1 2 2
0
N N
N N
N N N N NN NN
F ES F ES F ES
F ES F ES F ES
F ES F ES F ES
− − −
− − −
=
− − −


   

     (1.19) 
where the matrix element F and S are called resonance matrix element and overlap matrix 
element, respectively. 
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|MN M NS ϕ ϕ=   (1.22) 
The resonance matrix element FMN represents for the energy of the Mth electron in the Nth 
orbital, and the overlap matrix element SMN measures the interaction of the Mth and Nth 
basis functions. 
The resonance matrix contains the kinetic energy, electron-nuclear attraction potential 
energy, and the electron-electron repulsion energy. The last term shown in Equation (1.21) 
is the complicated one. This term is a four-index term, and the DPQ is called density matrix, 
which represents how each of the atomic orbital contributing to the molecular orbital, and 
defined as  
2
occupied
PQ Pi Qi
i
D a a= ⋅ ∑ (1.23) 
where the aPi and aQi are the contribution of each of the atomic orbital basis function to the 
ith of molecular orbital. The “2” considers the wavefunctions of a closed-shell molecule 
with two electrons in an occupied orbital. 
 It turns out that solving the Equation (1.19) requires ani (n=P and Q) in the equation 
(1.23). Without solving this secular equation, it is not possible to obtain DPQ. It basically 
means that it needs to use an “unknown” term to solve the “unknown” term itself. To go 
over such dilemma, a method called HF-self-consistent field (SCF) needs to be applied.  
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The HF-SCF method requires an initial guess of molecular wavefunctions, and DPQ is given 
at beginning and put into the secular equation to solve all the elements in the secular 
equation. Finally, it will obtain a “new” better DPQ, which can be put back to the secular 
equation in the next iteration. It will run such process iteratively until the “new” DPQ is 
close enough to the previous one, which is called converged. After the SCF convergence, 
the possible “best” wavefunction and lowest total energy will be achieved. The whole 
process described above for solving the Schrodinger equation of a closed -shell molecule 
is called restricted Hartree-Fock (RHF) method. For an open-shell molecule where not all 
electrons are paired in molecular orbitals, the process is called unrestricted Hartree-Fock 
(UHF).77 In UHF, orbitals are divided into α and β orbitals, each with one electron,  the 
Schrodinger equation is then solved separately for the α and β orbitals.  However, in this 
case, the total wavefunction is no longer an eigenfunction of the total spin operator, which 
may lead to a spin contamination problem. To solve this problem, another method named 
restrict-open-shell Hartree-Fock (ROHF) was introduced.78 the ROHF method forces the 
spatial parts of α and β electrons to be the same to avoid  spin contamination, but the ROHF 
method  is not as efficient as UHF and is not supported by all computational software. 
 The HF-SCF method opens a new page for computational chemistry, but as mentioned 
before, the treatment of the J and K integrals by HF-SCF ignores the electron correlations. 
Thus, the HF-SCF method often results in significant deviations from experiment 
measurements if such comparison is available.  Finding a way to treat the electron 
correlations is needed for applications where more accurate results are required. There are 
two different electron correlations that need to be considered.  The correlation arising from 
the J integral is called the dynamic correlation, which accounts for instantaneous electron 
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motions. The other one is the static correlation arising from the K integral, which is related 
to the electron exchange in the single-slater determinant. If only the ground state of a 
molecule is considered, the dynamic correlation will be more significant than the static 
correlation. There are many methods available for  treating the dynamic correlation, such 
as the Møller-Plesset (MP) perturbation theory,79 the coupled cluster (CC) method,80 and 
the DFT theory.81  On the other hand, if  molecular excited states need to be considered, 
the static correlation cannot be neglected. In this case, single reference methods, such as 
configuration interaction (CI), equation of motion coupled cluster (EOM-CC), and time-
dependent density functional theory (TDDFT), can be  used;  or even better multi reference 
methods, such as the multi configuration self-consistent field (MCSCF) and the 2nd order 
multiconfiguration quasi-degenerate perturbation theory (MCQDPT2). All these methods 
will be briefly discussed in the following sections. 
1.3.3 Møller-Plesset Perturbation Theory 
 For chemical systems with multiple electrons, the Schrödinger equation cannot be 
solved exactly because the electron-electron repulsion term in the Hamiltonian. Therefore, 
for multi-electron systems, it is impractical to obtain an exact solution of the wave 
function. Perturbation theory is one of the commonly used approximation methods. In this 
method, the electron correlation is added as a perturbation term to the HF wave function. 
The most popular perturbation method is Møller-Plesset (MP) perturbation, first reported 
by Møller and Plesset in 1934.79 The first method used in the MP family is the second-
order MP method, or MP2, which is followed by higher-order MPS, such as MP3, MP4, 
and MP5, etc. Among them, MP2 and MP4 are the most well-known methods and are 
supported by many quantum calculation programs. In the MPn methods, the total 
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Hamiltonian is separated into two parts:  an unperturbed Hamiltonian Ĥ0 and a small 
perturbation term Ĥ1, and it can be express as  
 0 1ˆ ˆ ˆH H Hλ= +                                                         (1.24) 
where λ is the expansion parameter. Let 𝜓𝜓0 be the wave function of Ĥ0, 
Ĥ0𝜓𝜓0 = 𝐾𝐾0𝜓𝜓0                                                            (1.25) 
and the 𝜓𝜓  be the wave function of total Hamiltonian, then the Schrodinger equation 
becomes   
(Ĥ0 + 𝜆𝜆Ĥ1)𝜓𝜓 = 𝐾𝐾𝜓𝜓                                                      (1.26) 
Equation (1.26) would be the same as (1.25) = if λ is zero. The effect of the perturbation 
term 𝜆𝜆Ĥ1 is to reduce the difference between E0 and the “true” energy E. 𝜓𝜓 and E can be 
expanded via Taylor series and are usually written as  
Ψ = Ψ(0) + λΨ(1) + λΨ(2) + ···                                         (1.27) 
E = E(0) + λE(1) + λE(2) +···                                           (1.28) 
n of the Ψ(n) stands for the nth order of perturbation.  It shows that if infinite order of 
perturbation can be included, the MPn energy will be the “true” energy. λE(1) is a well-
known result that the first order of perturbation energy equals to the expectation energy 
when perturbation operator operates on the unperturbed wavefunction, which can be 
expressed as: 
𝐾𝐾(1) = 〈𝜓𝜓0�Ĥ1�𝜓𝜓0〉                                                        (1.29) 
Hence, the energy of MP1 method will be: 
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𝐾𝐾 = 𝐾𝐾(0) + 𝜆𝜆𝐾𝐾(1) = 〈𝜓𝜓0�Ĥ0�𝜓𝜓0〉 + 𝜆𝜆〈𝜓𝜓0�Ĥ1�𝜓𝜓0〉= 〈𝜓𝜓0�Ĥ�𝜓𝜓0〉               (1.30) 
where  〈𝜓𝜓0�Ĥ�𝜓𝜓0〉  is the integral of the HF method. It means MP1 energy is just the HF 
energy. The 2nd or 3rd orders of perturbation energy are listed as follow: 
𝐾𝐾(2) = ∑
〈𝜓𝜓𝑖𝑖�Ĥ1�𝜓𝜓0〉
𝐸𝐸(0)−𝐸𝐸𝑖𝑖
(0)  𝑗𝑗≠0 (1.31) 
 𝐾𝐾(3) = ∑
〈𝜓𝜓𝑖𝑖�Ĥ1�𝜓𝜓0〉∗�〈𝜓𝜓𝑖𝑖�Ĥ1�𝜓𝜓𝑘𝑘〉−𝛿𝛿𝑖𝑖𝑘𝑘〈𝜓𝜓0�Ĥ1�𝜓𝜓0〉�〈𝜓𝜓𝑖𝑖�Ĥ1�𝜓𝜓0〉
�𝐸𝐸(0)−𝐸𝐸𝑖𝑖
(0)��𝐸𝐸(0)−𝐸𝐸𝑘𝑘
(0)�𝑗𝑗≠0
 (1.32) 
These equations show that calculations for higher order of perturbation energies are more 
complicated. MP2 is the most popular and widely used method within the MPn series. It 
can provide approximately 80% correction  of the total correlation energies.82 MP3  is 
rarely used because its accuracy is not significantly better than MP2 but costs a much more 
computational resource. MP4(SDQ)83 and MP4(SDTQ)84 are two higher level methods 
with higher accuracies. But they cost 100 times more computational resources than the 
MP2 method. Thus, they are only employed for small molecules. 
 Previously, my groupmates found that the MP2 method predicted reasonably reliable 
structures and vibration frequencies for some metal – aromatic  complexes,85-86 in 
comparison with the experimental measurements.  Also, the perturbation methods can be 
used in multi configuration calculations, which will be discussed in Section 1.3.6.  
1.3.4 Coupled Cluster Theory 
  Coupled cluster (CC) theory is one of the most widely used mathematically elegant 
techniques to treat the electron correlations. It was developed and applied for  molecular 
calculations in 1966.80 The CC method is  generally time consuming  and normally 
22 
employed for high level calculations of the molecular properties of small or medium-sized 
molecular systems.37, 87  
 As discussed previously, the MPn method treats electron correlations by adding the 
energy corrections to the HF energies.  The essential idea of the CC method uses an 
additional correction operator on wave function to obtain an “exact” wavefunction, which 
is usually expressed as 
Ψ = 𝑒𝑒𝑇𝑇�𝜓𝜓𝐻𝐻𝐻𝐻 (1.33) 
where Ψ is the exact wavefunction under the limits of the basis functions that are used. 
𝜓𝜓𝐻𝐻𝐻𝐻  is the HF wavefunction. The 𝑇𝑇�  operator is called the cluster operator and is defined as 
𝑇𝑇� = 𝑇𝑇�1 + 𝑇𝑇�2 + 𝑇𝑇�3 + ⋯𝑇𝑇�𝑛𝑛 (1.34) 
It is the summation of the operators of all single excitations.  n is the number of the 
electrons. The 𝑇𝑇�𝑛𝑛 operator generates all possible determinants with n excitations from the 
reference. For example, the 𝑇𝑇�2 operator can be expressed as 
𝑇𝑇�2 = ∑ ∑ 𝑡𝑡𝑖𝑖𝑗𝑗𝑎𝑎𝑎𝑎𝑣𝑣𝑖𝑖𝑟𝑟.𝑎𝑎<𝑎𝑎 𝜓𝜓𝑖𝑖𝑗𝑗𝑎𝑎𝑎𝑎 𝑜𝑜𝑒𝑒𝑒𝑒.𝑖𝑖<𝑗𝑗 (1.35) 
The 𝑇𝑇�2 operator contains all double excitations, which are the most important contribution 
to the total 𝑇𝑇�  operator. Because of the limit of computational resources, truncation of the 
𝑇𝑇�  operator is always needed. If we truncate the 𝑇𝑇�  operator to 𝑇𝑇�2, the CC method is then 
called the couple cluster with single and double excitations (CCSD) method.88-89 The 
coefficient eT in Equation (1.29) can be expressed in Taylor series as follows: 
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𝑒𝑒𝑇𝑇1+𝑇𝑇2 = 1 + 𝑇𝑇1 + �𝑇𝑇2 +
1
2
𝑇𝑇1� + �𝑇𝑇2 +
1
2
𝑇𝑇12� + �𝑇𝑇1𝑇𝑇2 +
1
6
𝑇𝑇13� + �
1
2
𝑇𝑇22 +
1
2
𝑇𝑇12𝑇𝑇2 +
1
24
𝑇𝑇14� + ⋯                                                                                                                                                           
(1.36) 
Even it only includes a double excitation, the mathematic form is already quite 
complicated. CCSD is the only CC method that is widely supported by various quantum 
calculation software. The CCSD method has a slightly higher accuracy and computational 
cost (at the same order of magnitude) than the MP2 method.  
 When a very high computational accuracy is required, another method, named the 
coupled cluster with single, double, and perturbative triple excitations (CCSD(T)),90 is 
often the choice of the method.  CCSD(T) includes all single and double excitations and 
adds a triple excitation as a perturbation term, but the perturbation term is not solved 
iteratively. There have been many benchmark calculations  with the  CCSD(T) method.91-
92 For calculations on mid-size molecules, the CCSD(T) method in combination with large 
basis sets almost reaches  the “accuracy ceiling” of the single reference method. Because 
it often provides most accurate results, results from the CCSD(T) calculations are often 
considered as the “golden” standard to evaluate computational results of other methods. 
However, because the computational cost of CCSD(T) is  hundreds of times more than that 
of the MP2 method and thousands of times more than that of the HF-SCF method, the 
CCSD(T) method is rarely used for calculations of large molecules.93-94 
 1.3.5 Density Functional Theory 
 In the previous sections, HF-SCF, MPn, and CC methods are discussed; all of these 
methods depend on molecular orbital theory, which are based on solving the Schrödinger 
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equation. There are two major difficulties for these methods. First, the wavefunctions 
contain orbital and spin functions for all electrons, and each one-electron function has three 
coordinates, making the dimensionality of the wavefunction to be 3N, where N is the 
number of electrons. If there are a large number of electrons in the molecule, it will take a 
lot of computational resources. Second, the many-body Schrödinger equation cannot be 
solved exactly, and some kinds of approximations have to be applied such as neglecting 
electron correlations in HF-SCF, or expensive post-HF methods such as MPn and CC must 
be used to achieve reasonable computational accuracies. Thus, finding a “cheap” way to 
treat the electron correlations of large molecules is really desirable.  
Density functional theory (DFT)81 is one of the alternatives, which is different from the 
above-described wave function-based ab initio  methods.  DFT is based on the electron 
density rather than the molecular wave function. Since the electron density depends only 
on three spatial coordinates, the equation dimensionality is only three no matter how many 
electrons in the molecular system of interest. Therefore, DFT is usually the first choice for 
calculating large molecules.  It is now one of the most popular and versatile methods used 
in computational chemistry.  
 DFT is based on the fact that the electron density function (ρ) of a uniform electron 
gas can be used to obtain exchange and correlation energies.81 Modern DFT methods were 
originated from the release of Hohenberg-Kohn theorems in 196495 and were improved by 
Kohn and Sham96 in 1965.  DFT separates the electron energy into four terms,  
𝐾𝐾 = 𝐾𝐾𝑇𝑇[𝜌𝜌] + 𝑉𝑉𝑉𝑉𝑁𝑁−𝑒𝑒[𝜌𝜌] + 𝐽𝐽[𝜌𝜌] + 𝐾𝐾𝑥𝑥𝑒𝑒[𝜌𝜌] (1.37) 
where 𝐾𝐾𝑇𝑇[𝜌𝜌] is the electron kinetic energy, 𝑉𝑉𝑉𝑉𝑁𝑁−𝑒𝑒 is the potential energy of electron and 
nuclei, 𝐽𝐽[𝜌𝜌] is the electron-electron repulsion energy. These three terms are similar to those 
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of the HF-SCF theory but are calculated from electron density functions instead of 
molecular orbital wavefunction. Due to the difficulty in finding a proper functional,  𝐾𝐾𝑇𝑇[𝜌𝜌] 
is not the exact kinetic energy but a non-interacting kinetic energy.  Also  𝐽𝐽[𝜌𝜌] is not the 
exact Coulomb electron repulsion. The electron correlation energy can be expressed with 
𝐾𝐾𝑥𝑥𝑒𝑒[𝜌𝜌]  as 
𝐾𝐾𝑥𝑥𝑒𝑒[𝜌𝜌]  ≡ �𝐾𝐾𝑇𝑇(𝑒𝑒𝑥𝑥𝑎𝑎𝑒𝑒𝑒𝑒)[𝜌𝜌] − 𝐾𝐾𝑇𝑇[𝜌𝜌]� − (𝐾𝐾𝑒𝑒𝑜𝑜𝑛𝑛𝑙𝑙𝑜𝑜𝑚𝑚𝑎𝑎[𝜌𝜌] − 𝐽𝐽[𝜌𝜌]) (1.38) 
The 𝐾𝐾𝑥𝑥𝑒𝑒[𝜌𝜌]  is the only term that cannot be solved exactly in Equation (1.37). It contains a 
part of uncovered kinetic energy, the correction on the potential energy of the system 
including the electron exchange and correlation and the none-classical effect of electron 
self-interaction corrections.  
 Determining the appropriate 𝐾𝐾𝑥𝑥𝑒𝑒[𝜌𝜌] functional is a major challenge to obtain accurate 
results. Since 1980s, researchers have developed many algorithms to treat  𝐾𝐾𝑥𝑥𝑒𝑒[𝜌𝜌]. In 
2001, Perdew and Schmidt97 summarized and separated the different functions according 
to their performance into five levels: local density approximation (LDA) or local spin 
density approximation (LSDA), generalized gradient approximation (GGA), meta-GGA, 
hybrid and generalized random phase approximation. LDA is the simplest approximation 
designed for restricted closed shell systems. In this approximation, electrons in the system 
are considered as a hypothetical electron gas, which treats the electrons moving under a 
positive charge background. The whole system is electronic neutral, and the number of 
electrons over the volume of the electron cloud is assumed to be the electron density( 𝜌𝜌 ),98 
which uses high- and low-density limits to set up the 𝐾𝐾𝑥𝑥𝑒𝑒[𝜌𝜌] functional. Additionally, the 
extended LDA approximation used for unrestricted molecular systems  is called the local 
spin density approximation (LSDA),98  which separates the α and β spin electrons into two 
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different density functionals.  In this case, electrons in different spins can have different 
spatial functions. LDA and LSDA approximations give good results for solid state systems. 
However, they  are not accurate enough for molecular systems because they overestimate  
bonding energies and underestimate energy barriers99. In order to improve the LDA or 
LSDA approximations, a second generation of DFT, GGA, was developed. In the GGA 
method, the gradient of the density functions (∇𝜌𝜌) is included along with the 𝜌𝜌 to obtain 
gradient-corrected exchange energies. Compared to LDA or LSDA, the GGA functional 
has improvement on the prediction of thermodynamics.99 Popular examples are B88100 and 
PBE101 for exchange functionals;  PBE,101 LYP,102 and PW91,103 for correlation 
functionals. However, the GGA method sill slightly underestimate reaction energy barriers. 
For further improvement, a third generation of DFT called meta-GGA was develop, where 
spin kinetic energy densities, 𝜏𝜏𝜌𝜌 , are included. Several years later, based on adiabatic 
connection theory104, Becke et  al. mixed the HF exchange term into the local density 
functional and combined  with B88 exchange functional and LYP and VWN correlation 
functionals to build up a new functional named as B3LYP. The B3LYP method has been 
the most popular DFT method used in chemistry for the last 30 years. The B3LYP 
functional contains a portion of the HF exchange term and is called a hybrid functional. 
Unlike the exchange energy term in the original DFT method, the HF exchange is able to 
give the exact exchange energy, and thus the hybrid functional improves the exchange 
energy. Furthermore, there is an fifth level of DFT  called double hybrid functionals,105 
which combine DFT and perturbation theory, and  is expected to give a better prediction 
of molecular energy profiles.105 The first and widely used double hybrid functional method 
is B2PLYP developed by Gimme’s group in 2007,106  it has produced very good results 
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with a considerable lower cost than the post-HF methods, such as CCSD(T).  After the 
B2PLYP’s success, other double hybrid functionals were  developed, such as 
DSDPBEP86107 by Kozuch et al. in 2011.  The DSDPBEP86 has produced  impressively 
small errors in interaction energies and reaction energy barriers.105   
 The DFT methods have a low computational cost and provide surprisingly accurate 
results for most of the chemical systems. The amazing performance of the DFT methods 
somehow comes from the error cancellation in the DFT functionals, that is, the none-
complete electron correlation raises the total energy, while the correlation functionals make 
the energy lower than the “true” value. However, the error cancellation effect is not always 
the same for different molecules, which means that no single DFT method is good for every 
molecule. One needs to find the most appropriate DFT functionals for molecular systems 
of interest. 
 The DFT method used in this work is B3LYP,104, 108 which is based on the GGA 
approach  combined with the HF exact exchange energy term. B3LYP consists of Becke’s 
three parameters functional (B3), Lee, Yang and Parr correlation functional (LYP)109, and 
VWN corrections.110-111 B3LYP is the best and cheapest method for studying  Lanthanide 
complexes as shown by our group’s previous work. In my work, I have also tried several 
other DFT functionals, such as B2PLYP and DSDPBEP86 functionals, but they did not 
perform as well as B3LYP for the molecular systems I have investigated, especially for 
vibrational frequencies. 
 1.3.6 Multi Reference Methods, Relativistic Effect and Spin-orbit Coupling  
 There are two general ways to treat  many-electron molecular systems:  single 
reference (SR) or multi reference (MR) methods.112  In the SR method, a single Slater 
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determinant is  chosen, and a post-HF method is used to recover the electron correlation 
energies lost in the HF-SCF method. The post-HF method may be a MPn or a CC method. 
The DFT methods described in the previous section belong to SR as well. The SR method 
works relatively well for the dynamic electron correlation, which is neglected in HF-SCF 
where the mean field approximation is used. However, there is a fundamental problem with 
the SR approach because a single Slater determinant sometimes is not able to describe a 
complicated molecular potential energy surface that requires different Slater determinants 
for different regions of the potential energy surface. This is so called static electron 
correlation problem. In treating the static correlation, a MR method must be employed.  
 A MR method will first require the identification of all possible determinants or 
configuration state functions (CSFs). If all possible excitations are included, “100%” 
accurate results are theoretically possible.  Such a method is called full configuration 
interaction (full-CI) method. It is like the “holy grail” among all of the computational 
methods, as the computational cost of the full CI method is extremally high. The 
computational complexity  of the full CI method is in the scale of !N , where N is the 
number of basis functions used to describe the molecular orbitals,  while  DFT is in the 
scale of 4N , MP2  is in 5N , and CCSD(T) is in 7N . A common mid-size molecule with 
mid-size basis sets will contain a couple of hundreds of basis functions, and if we put the 
number into full CI ( !N ), we will find that it is  impossible to employ the full CI method 
on such size molecules. Several approximations have been developed to reduce the number 
of the determinants and to decrease the calculation cost. One of which is called complete 
active space self-consistent field (CASSCF), which is an approach of . The main idea of 
CASSCF is that it requires only determinants constructing from a set of chosen orbital 
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space (called active space). In this case, the accuracy of the wavefunction of the MR 
method largely depends on the chosen active space. An active space includes a number of 
active electrons and active orbitals. Figure 1.5 presents how the active space can be chosen.  
The MOs of the molecules are artificially divided into inactive space, active space, and 
virtual space. The inactive space includes the “core” orbitals and electrons that are less 
important in the molecular formation or not involved very much in the reaction. They will 
not be included when the CSFs are generated. The active space is the most important region 
for chemistry reactions. It usually includes some of the orbitals near the HOMO and 
LUMO. The electrons and orbitals chosen in the active space will be used to generate the 
CSFs, which likes doing full-CI calculations within the chosen space. Since only a few 
electrons and orbitals are included in the active space, the cost of the CI calculation is 
dramatically reduced.  As mentioned above, the CASSCF method only treats  the static 
correlation, Hence, the dynamic correlation still needs to be considered and can be treated 
by involving  perturbation methods (MRPT, CASPT2, etc.) or CI methods (MRCI).112 In 
my work, I first use CASSCF, followed by a  MRPT method, called multi-reference quasi-
degenerate perturbation theory (MCQDPT).113-114Additionally, the Breit-Pauli operator as 
a perturbation is  blended in the final SO coupling computations and  the scalar relativity 
is incorporated into the calculations by using the local unitary transformation 
approximation.115 
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1.4 Franck - Condon Spectral Simulation 
1.4.1 Franck-Condon Principle 
 Two key features need to be considered to simulate MATI spectra: the transition 
energy and the intensity between the two states. The transition energy includes the 
ionization energy and vibration frequencies from the DFT calculations. On the other hand, 
to obtain a reasonable transition intensity, the Franck-Condon (FC) principle needs to be 
considered.116 The basic idea of the FC principle is that electron motions are much faster 
than the nuclear motions in a molecule such that molecular nuclei can be approximated to 
remain still during an electronic transition. In this case the transition will be vertical and 
the transition intensity will be proportional to the square of the vibrational overlap 
integral. The transition dipole moment integral (μT) can be expressed as 
υ υµ ψ µψ τ= ∫ * ˆi i f fT e e d     (1.39)
where υψ
*
i ie
and υψ f fe  are the vibronic wavefunctions of initial and final states, 
respectively. The µ̂  is the transition dipole moment operator. The transition dipole 
moment can be separated into the electronic dipole operator µ̂
e
and the nuclear dipole 
operator µ̂
n
. 
µ µ µ= +ˆ ˆ ˆe n    (1.40) 
By the Born-Oppenheimer approximation, the electric and nuclear components of the 
wavefunctions can be separated as well, which shows as follows, 
* * ( )ˆ ˆ
i i f fT e e n e
dυ υµ ψ ψ µ µ ψ ψ τ= +∫      (1.41) 
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* * * *ˆ ˆ
i f i f i f i fe e e e n e e e n n
d d d dυ υ υ υψ µ ψ τ ψ ψ τ ψ ψ τ ψ µ ψ τ= +∫ ∫ ∫ ∫   (1.42) 
where the second term turns to be zero since the   *
i fe e e
dψ ψ τ∫  is zero because of the
orthogonality of electronic wavefunctions of different states. After damping the second 
term, the formula (1.41) is reduced to 
* *ˆ
i f i fT e e e e n
d dυ υµ ψ µ ψ τ ψ ψ τ= ∫ ∫ (1.43) 
where the first integral is the electronic transition moment integral, and second integral is 
the vibrational overlap integral.  As the intensity (I) of the transition is proportional to the 
square of the transition dipole moment integral, it will be proportional to the square of the 
vibrational overlap integral for a given electronic transition, which is called Franck-
Condon Factor (FCF).   
 According to group theory, FCF will be non-zero if the direct product of the 
vibrational wavefunction symmetries in the initial and final states is or contains the fully 
symmetric representation. Under supersonic cooling conditions, most neutral molecules 
are at the zero vibrational level, which is totally symmetric. Hence, any fully symmetric 
vibrational modes of the ion state are expected to be active in a single photon ionization 
process. Asymmetric vibrational modes could also be active in an overtone transition (e.g., 
v'= 2 ← v " = 0) because the direct product of the asymmetric species itself produces a 
totally symmetric representation. However, the overtone transitions are typically very weak 
due to the poor overlap of vibrational wavefunctions in the initial and final electronic states. 
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1.4.2 Multidimensional Franck-Condon Factor 
 Multidimensional Frank-Condon factors were calculated by using optimized 
geometries and harmonic vibrational frequencies of the neutral molecule and cation. 
Because of the Duschinsky effect,117 which accounts for the normal mode rotation from 
the initial electronic state to the final state or the mixing of the normal modes in the two 
states, 118-120 spectral simulations should ideally calculate multidimensional FCFs. Luckily, 
mathematical formulas for calculating multidimensional harmonic FC overlap integrals 
have been  developed by theorists.121-127  The simulation code used in this work is  based 
on the calculations of these integrals and was  written by Dr. Sheng-Gang Li, a former 
member in our research group. 127 This simulation program is able to handle the axis 
switching effect by applying a zero-order Eckart matrix. The bandwidth of the simulated 
spectra is set to the experimental bandwidth and the band shape is set as a Lorentzian line 
shape. Transitions from excited vibrational levels of the neutral complex are considered by 
assuming thermal excitation at specific temperatures, and the populations of the excited 
levels are calculated based on the Boltzmann distribution. The simulations of the spin-orbit 
coupled vibronic bands are based on the equilibrium geometries and vibrational 
frequencies of the molecule and cation without involving the spin-orbit effect, but their 
intensities are normalized to the measured intensities and the spin-orbit splitting of the 
observed origin bands are compared with the computed value.   
 Our spectral simulations involve several steps. First, a simulation input file is 
generated by using a PreFCF program (v4.7 alpha, 2017), which takes the frequency output 
files of the neutral molecule and cation from DFT or perturbation theory calculations as 
inputs.   The key parameters taken from the frequency output files include the atomic mass, 
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equilibrium geometry, harmonic vibration frequency, and normal coordinates. Second, a 
temperature, bandwidth, and spectral range are manually added to the PreFCF program 
generated input file to best simulate specific spectra. Finally, a two-column data file 
containing the band intensities and energy positions is generated by the FCF program. This 
file is in the format of TXT and can be imported into a commercially available software 
(e.g., SigmaPlot or Origin) for spectral presentation. 
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Figure 1.1. The schematic diagram of photoelectric effect. 
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Figure 1.2 The schematic diagram of conventional PES and 
PFI-ZEKE/MATI spectroscopy. The ML and ML+ represent 
for the neutral and corresponding cation, respectively. E 
represents for the delayed pulse electronic field. 
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Figure 1.3 Comparison between conventional He-I-PES (a) (Adapted 
with permission from Organometallics 1994, 13, 1190-1199. Copyright 
1994 American Chemical Society.), and ZEKE (b) spectra of Cr-
bis(benzene)2 by Sohnlein from our group.  
37 
Detector
UV laser
1
2
3
4 5
Figure 1.4 The schematic for the TPI-ZEKE electron detection. 
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Figure 1.5   Selection of various spaces for in multiconfiguration calculations. 
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CHAPTER 2. METHODOLOGY  
2.1 Experimental Setup 
 We use a homemade apparatus to do the experiment as shown schematically in Figure 
2.1. The instrument has two chambers: a source chamber and a spectroscopy chamber. A 
diffusion pump (Edwards Diffstak 250/2000M) is used to evacuate the source chamber, 
and the diffusion pump is backed by a two-stage rotary pump (Edwards E2M40). The usual 
base pressure is on the order of 10-7 Torr, and working pressure is 10-5 – 10-4 Torr. The 
spectroscopy chamber is pumped by a turbo molecular pump (Seiko Seiki STP451), which 
is backed by a two-stage rotary pump (Edwards RV12). The base and working pressures 
in the spectroscopy chamber are usually 1.2 x 10-8 and 6.0 x 10-7 Torr, respectively. A 
pneumatic gate valve (MDC, GV-2000V-P) is used to isolate the two chambers. The gate 
valve is operated by both electricity and 60-65 psi nitrogen gas.  Metal-hydrocarbon 
reactions are carried out in the source chamber. Ce or La atoms are produced by the laser 
ablation of a Ce or La rod (1” long, 0.25” diameter, Alfa Aesar, 99.9%). The ablation laser 
wavelength is 532 nm produced by a Nd-YAG laser (Continuum, MINILIETE II). The 
metal rod is rotated and translated by a micromotor, and the rotation and translation ensure 
the laser pulses always shine on a fresh surface of the rod to produce stable molecular 
beams. The metal atoms and hydrocarbon vapor are seeded into a carrier He or Ar gas (~40 
psi) and are delivered by a piezoelectric pulsed valve (PI, P-286.20). For liquid 
hydrocarbons, they are introduced via a low-flow metering valve (Swagelok, SS-SS4-VH) 
to a small reactor located 2 cm from the laser ablation point. The carrier gas, metal atom, 
and hydrocarbon mixture enter into a tube of 2 cm long and 2 mm diameter and expand 
supersonically into the source chamber. The supersonic molecular beams are then 
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collimated by a skimmer (2 mm diameter), and the charged species in the molecular beams 
are removed by an electric field (~250 V/inch) applied onto a pair of metal deflection 
plates. Thus, only the neutral species enter the spectroscopic chamber. 
 In the spectroscopic chamber, the neutral species are photoexcited by a UV laser. The 
UV laser pulses are generated by a frequency-doubled dye laser (LUMONICS, HD-500B) 
pumped by the third harmonic (355 nm) of a Nd-YAG laser (Continuum, SURLITE II-10). 
The frequency-doubled dye laser is typically operated in the range of 220-270 nm for the 
molecular systems I have studied. To extract and accelerate ions to the detector, a voltage 
of 800 V is applied to two Al cans separated by 1 inch, with 1700 V on the top can and 
2500 V on the bottom can. The pulsed voltages of the two cans are provided by two pulse 
generators (DEI, PVX-4140) with inputs from two DC power supplies (GW INSTEK, 
GPS-30300). After the extraction and acceleration by the pulsed field, the positive charged 
species fly into the field-free TOF tube of 13 inches in length and 1.5 inches in diameter. 
The TOF tube is located inside a double-layer μ-metal cylinder and is thus isolated from 
the earth magnetic field. On the top end of the TOF tube is the detector consisting of a pair 
of micro-channel plates (MCP) (Burle 25/12/12 D EDR 40:1 MS) and a metal anode. A 
high voltage power supply (Stanford Research Systems, INC., PS350/5000V-25W) and a 
home-made voltage divider are used to provide high voltages to the MCP detector. The 
voltage divider provides electric potential of -2050 V to the front of the fist MCP, -170V 
to the back of the 2nd MCP, and 0 V to the anode (Figure 2.2).  
 The ion signals are amplified by 106-107 times by the two MCPs and collected by the 
anode as electric currents. The output from the anode is amplified again by a 300 MHz pre-
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amplifier (Stanford Research Systems, SR445) by 25 times, and the final signal is 
monitored by a digital oscilloscope (Tektronix, TDS 3012). 
2.2 Time Sequence Control 
  The timing control involves a pulsed valve, an ablation laser, an excitation or 
ionization laser, scrambling and ionization electric fields, and an oscilloscope. A correct 
time sequence and precise timing control are critical for successful data generation and 
collection.  Figure 2.3 presents the overall time sequence that I normally used in my 
experiments. 
Two pulsed delay generators are used to control the timing sequence in this work.  One 
is called PG1 (SRS DG535), which is the internally triggered and used as the master clock; 
the second pulsed delay generator is called PG2 (SRS DG645), which is externally 
triggered by PG1. They all generate TTL pulses to trigger other devices. The following list 
shows which devices are triggered by PG1 and PG2. 
PG1:  
T0. The piezo electric valve. 
1. The flash lamp of the ablation laser. (Continuum Minilite II) 
2. The flash lamp of the excitation laser. (Continuum Surelite II) and PG2 at the same time. 
PG2: 
3. The pulse generator of scrambling field (two of PVX-4140) 
4. Q-switch of the excitation laser. (Continuum Surelite II) 
5. The pulse generator of ionization field (two of PVX-4140) 
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6. Oscilloscope (TDS  3012)
The entire timing sequence begins with the triggering of the piezoelectric valve at T0 
and ends with the falling edge of the extraction field at T5_F. After the trigging of the 
piezoelectric valve, the ablation laser flashlamp is triggered 25 μs later ( T1 =T0 + 25 μs), 
and then after another 152 μs the Q-switch of the laser ablation is internally triggered, 
which means the ablation laser beam actually comes out 177 μs after T0. This time 
difference indicates the typical time difference between the trigger time of the pulsed valve 
and the time for the gas pulse arriving at the laser ablation point. (The time for the laser 
pulse travelling from the laser exist point to the ablation region is ~3 ns, which can be 
neglected.) The travelling time of the gas pulses depends on the gas or gas mixture and 
backing pressure in the gas tank, hence T1 must be adjusted for signal optimization in each 
experiment.   The next device triggered is the flash lamp of the pump laser, it is triggered 
257 μs after the triggering of the ablation laser flash lamp at T2. (T2 = T1 + 257 μs). The Q-
switch of the pump laser is triggered 240 μs after the flash lamp at T4 (T4=T2 + 240 μs). 
The excitation laser pulse must overlap with the molecular beam pulse in the spectroscopy 
chamber to observe any signals. The time difference of the excitation laser Q-switch and 
ablation laser Q-switch should be the time of the molecular beam pulse travelling from the 
ablation region to the excitation region. After doing the simple math, and it shows that it 
takes 345 μs. This is the typical traveling time for He/ligand mixtures, and the traveling 
time rise up to about 600-700 μs for Ar/ligand mixtures. Additionally, we can also estimate 
the speed of molecule beam by measuring the distance between the ablation and excitation 
regions.  With simple calculations, the speed are ~ 1500 m/s for a He/ligand mixture and 
700 m/s for an Ar mixture. Both are larger than the speed of sound (~ 340 m /s), thus 
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molecular beams generated in our instrument are called supersonic expansion. The time 
difference between T4 and T2 will affect the excitation laser power, different pump lasers 
have different values for maximum the laser power.  Practically, T2 is adjusted with respect 
to T1 to optimize the time between the excitation and ablation laser pulses to maximize 
signals. Before the ultraviolet excitation laser emits (T4), a scrambled electric field is 
applied to stabilize high-lying Rydberg states of the neutral molecules that will be prepared 
by the excitation laser.  The scrambling field is triggered beginning at T3_R, and ending at 
T3_F and is triggered at the falling edge of a TTL pulse provided by a delayed pulsed 
generator (SRS, DG645).   T3_R and T3_F are usually 300 and 250 ns before triggering Q-
switch of the excitation laser, respectively (T3_R = T4-300 ns, T3_F = T4-250 ns).  After the 
firing of excitation laser, a delay electronic field is switched on for field ionization to 
generate MATI ions and for attracting/accelerating the MATI ion into the MCP detector. 
The delay time is set to remove ions/electrons produced by direct photoionization and to 
maximize the MATI ion signal. The delay time of the ionization pulsed electric field I use 
is normally 20 μs (T5_R=T4+20 μs), the field width is 50 μs (T5_F= T5_R + 50 μs).  Finally, 
an oscilloscope is triggered to monitor the signals collected by the MCP detector. The 
triggering time for the oscilloscope can be varied but is 9 μs after the trigger of the pulsed 
electric field (T6=T5_R + 9 μs). 
 
2.3 The Details of Theoretical Calculations in Our Work 
Geometry optimization and vibrational frequency calculations were performed at the 
DFT level implemented in the Gaussian 09 package. DFT/B3LYP128-129 combined with 
gaussian basis set 6-311+g(d,p)84, 130 for C and H atoms and effective core potential basis 
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set SDD131 for Ce or La were used in these calculations. The DFT/B3LYP method and 
above basis sets have been proved to be largely reliable by our group for predicting the 
geometries and vibrational frquencies of metal-organic complexes. The frequency 
calculations are used to identify local energy minimum or saddle point.  
  Multidimensional factors were calculated by using optimized geometries and 
harmonic vibrational frequencies of the neutral molecule and cation. Duschinsky effect132 
was considered to account for a possible axis rotation from the neutral complex to the 
cation. Spectral simulations were obtained using the experimental linewidth and a 
Lorentzian line shape. Transitions from excited vibrational levels of the neutral complex 
were considered by assuming thermal excitation at specific temperatures and the 
populations of the excited levels were calculated based on the Boltzmann distribution. 
Relativistic quantum chemical computations for Ce complexes were carried out to 
account for the observed two or more vibronic band systems in the MATI spectra. These 
calculations involved two steps: the first step included scalar relativity corrections in the 
SCF process and the second step the additional Breit-Pauli operator as a perturbation in the 
final SO coupling computations. Scalar relativity was incorporated into the calculations 
using the local unitary transformation approximation115 for the infinite order two 
component transformations133-134 of the one-electron integrals. The orbital bases used in 
these calculations were quadruple zeta-quality core-correlating all-electron basis sets of 
Noro and coworkers (QZC).135-136  Since only spdfg basis sets could be used in the gradient 
calculations, the 3h and 1i functions in the standard QZC basis for Ce were truncated from 
all calculations, but the full QZC bases for C and H were retained.  This basis set family 
has correlating functions for the valence and all upper core orbitals of Ce (as well as the 1s 
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of C) so that the only orbitals excluded from correlation treatments were the deep core of 
Ce (1s, 2sp, 3spd shells). Equation of motion coupled-cluster (EOM-CCSD) calculations137 
based on high-spin restricted open shell SCF (ROHF)138 wavefunctions were used to 
survey the excited states of both neutral molecule and cation. Because of computational 
limitations, these EOM-CCSD calculations employed the double zeta core correlating basis 
set (DZC).135-136 SO coupling calculations were based on small configuration interaction 
calculations, whose orbitals were obtained using the state-averaged MCSCF method.139  In 
these MCSCF calculations, the active spaces were two electrons with eight molecular 
orbitals (2, 8) for the neutral radical and one electron with seven molecular orbitals (1,7) 
for the singly charged ion. These molecular orbitals were Ce-based 6s and 4f atomic 
orbitals with Ce 4f16s1 configuration in the neutral species and 4f orbitals with a 4f1 
electron in the ion.  Dynamic correlation effects and SO effects were treated as 
simultaneous perturbations by MCQDPT.140-141 The SO  calculations used the full Breit-
Pauli operator.142-143 All relativistic calculations were performed using the GAMESS 
quantum chemistry package.144 
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Figure 2.1 The schematic diagram of the home-built apparatus
47 
Figure2.2 The schematic diagram of the home-made voltage divider 
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Figure 2.3 Time sequence in the spectroscopic measurements of this work. 
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CHAPTER 3. THRESHOLD IONIZATION and SPIN-ORBIT COUPLING OF 
CERACYCLOPROPENE FORMED BY ETHYLENE DEHYDROGENATION 
3.1 Overview 
Ce atom reaction with ethylene was carried out in a laser-vaporization metal cluster 
beam source. Ce(C2H2) formed by hydrogen elimination of Ce-ethylene complex was 
investigated by MATI spectroscopy, isotopic substitutions and relativistic quantum 
chemical computations. The theoretical calculations include the scalar relativity correction, 
dynamic electronic correlation, and spin-orbit coupling. The MATI spectrum exhibits two 
band systems separated by 128 cm-1, each consisting of similarly multiple vibrational 
intervals. The separation is not affected by deuteration. The two band systems are attributed 
to spin-orbit splitting and the vibrational bands to the symmetric metal-ligand stretching 
and in-plane carbon-hydrogen bending excitations. The spin-orbit splitting arises from 
interactions of a pair of nearly degenerate triplets and a pair of nearly degenerate singlets. 
The organolanthanide complex is a metallacyclopropene in C2v symmetry. The low-energy 
valence electron configurations of the neutral and ion species are Ce 4f16s1 and Ce 4f1, 
respectively, even though the Ce atom has the ground electron configuration of 4f15d16s2.  
3.2 Introduction 
 C-H bonds are ubiquitous in organic molecules, yet many of these could not participate 
in chemical reactions under usual conditions. C-H bond activation by metal centers gets 
around this problem by stimulating inert hydrocarbons to react with other molecules. 
Because it is one of the simplest and mostly widely used organic compounds in the 
chemical industry, metal-mediated activation of ethylene has been extensively studied in 
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the gas phase.  Ethylene reactions with metal ions were mostly studied with mass 
spectrometry based techniques,145-153 whereas those with neutral atoms were monitored by 
photoionization or laser fluorescence measurements.154-162 The previous experimental 
studies were largely focused on the measurements of reaction kinetics and 
thermodynamics, which are important for understanding the metal-assisted hydrocarbon 
activation. On the other hand, there have been very few spectroscopic measurements on 
reaction intermediates or products,163-164 and their structures and electronic states have 
largely been from theoretical predictions.165-171 However, a reliable prediction of low-
energy electronic states and molecular structures of f-block organometallic complexes is 
complicated by the existence of multiple low-energy structural isomers of each complex 
and many low-energy states of each isomer. Moreover, for a particular isomer its energy 
states and structures are affected by the relativity correction, dynamic electron correlation, 
and spin-orbit coupling.  Therefore, a reliable identification of structural isomers and 
electronic states generally requires the confirmation by spectroscopic measurements, 
especially high-resolution spectroscopic techniques. 
Recently, we reported La atom reactions with ethylene, acetylene and propyne probed by 
laser ionization TOF mass spectrometry and MATI spectroscopy.51, 56-57 In the case of 
ethylene reaction, we observed metal-hydrocarbon radicals La(C2H2) and La(C4H6) and 
identified the former as a metallacyclopropene formed by concerted H2 elimination and the 
latter as a metallacyclopentene formed by dehydrogenation and C-C bond coupling.51  
Acetylene was found to be more reactive than ethylene toward La, where we observed 
metal-hydrocarbon radicals with molecular formula of La(CmHm) (m = 2 and 4) and La 
(CnHn-2) (n = 2, 4, 6, 8, 10, and 12).56  Among these radicals, we identified La(C10H8) as 
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La(naphthalene) formed by sequential acetylene additions coupled with dehydrogenation 
and the structures of three intermediates [La(C2H2), La(C4H2) and La(C6H4)] for the 
formation of the naphthalene complex. For the reaction of propyne, we observed a 
dehydrogenated species La(C3H2) and C-C coupling products La(C6H6) and La(C9H10) and 
identified two structural isomers of La(C3H2) as La(η2-CCCH2) and La(HCCCH) formed 
by 1,3- and 3,3-dehydrogenation, respectively.57 
 In this article, we report observations of the metal-hydrocarbon radicals formed by Ce 
reaction with ethylene and spectroscopic and computational characterization of Ce(C2H2) 
formed by H2 elimination. The motivation of this work was to compare the reactions of 
two lanthanide elements and the spectroscopy of the resultant metal-hydrocarbon radicals. 
La atom has the ground electron configuration of [Xe]5d6s2 and a low-energy reactive 
configuration of [Xe]5d26s1 at 7.6 kcal/mol. Similarly, Ce has the ground electron 
configuration of [Xe]4f15d16s1 and a low-energy reactive configuration of [Xe]4f15d26s1 at 
6.8 kcal/mol. The consensus in the literature of inorganic and organometallic chemistry is 
that 4f orbitals of the lanthanides don’t significantly participate in chemical reactions with 
organic molecules because they penetrate the xenon core and cannot overlap with  ligand 
orbitals.172 If this applies to the metal atomic chemistry in the gas phase, we expect that 
both La and Ce reactions with ethylene would produce similar products.  On the other hand, 
the presence of a 4f electron is expected to make electronic energy levels and thus 
spectroscopy more complicated due to the closely-lying 4f orbitals and spin-orbit coupling. 
This study was set out to address above two propositions.  
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3.3 Experimental and Computational Methods 
      3.3.1 Experimental Methods 
The metal-cluster beam instrument used in this work consists of reaction and 
spectroscopy vacuum chambers and was described in a previous publication.173 The metal-
hydrocarbon reaction was carried out in a laser vaporization metal cluster beam source. 
C2H4 (99+ %, Matheson) or C2D4 (99 atom% D, Cambridge Isotopes) was seeded in a He 
carrier gas with a concentration of ~ 10-4 in a stainless steel mixing cylinder. Ce atoms 
were generated by pulsed-laser (Nd:YAG, Continuum Minilite II, 532 nm, 2-3 mJ/pulse) 
vaporization of a Ce rod (99.9%, Alfa Aesar) in the presence of the ethylene/He mixture 
(40 psi) delivered by a home-made piezoelectric pulsed valve.  The metal atoms and gas 
mixture entered into a collision tube (2 mm diameter and 2 cm length) and were then 
expanded into the reaction chamber, collimated by a cone-shaped skimmer (2 mm inner 
diameter), and passed through a pair of deflection plates. Ionic species in the molecular 
beam that were formed during laser vaporization were removed by an electric field (100 
Vcm-1) applied on the deflection plates. The neutral products were identified by 
photoionization TOF mass spectrometry. A separate experiment was carried out to confirm 
that ethylene was activated by Ce rather than the vaporization laser. In this experiment, 
ethylene was introduced three centimeters downstream of the laser vaporization point. The 
reaction products formed in the two experiments were identical, though a higher ethylene 
concentration in the second experiment was required to produce comparable ion intensity 
in the mass spectra.  Because ethylene was bypassed the vaporization region in the second 
experiment, the vaporization laser should have played no role for the hydrocarbon 
activation.  
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Prior to the MATI measurements, photoionization efficiency spectra of Ce(C2H2) and 
Ce(C2D2) were recorded to locate their approximate ionization thresholds to simplify the 
MATI experiment. In the MATI experiment, each of the Ce complexes was excited to high-
lying Rydberg states in a single-photon process and ionized by a delayed pulsed electric 
field. The excitation laser was the same as that for photoionization in the mass 
spectrometric and photoionization efficiency experiments and was the frequency doubled 
output of a tunable dye laser (Lumonics HD-500), pumped by the third harmonic output 
(355 nm) of a Nd:YAG laser (Continuum Surelite II). The laser beam was collinear and 
counter propagating with the molecular beam. The ionization pulsed field (320 V cm-1) 
was generated by two high voltage pulse generators (DEI, PVX-4140) and delayed by 20 
µs from the laser pulse by a delayed pulsed generator (SRS, DG641). A small DC field 
(4.8 V cm-1) was applied to separate the prompt ions produced by direct photoionization 
from the MATI ions generated by delayed field ionization. The MATI ion signal was 
obtained by scanning the wavelength of the tunable dye laser, detected by a dual 
microchannel plate detector, amplified by a preamplifier (SRS, SR445), visualized by a 
digital oscilloscope (Tektronix TDS 3012), and stored in a laboratory computer. Laser 
wavelengths were calibrated against vanadium atomic transitions in the MATI spectral 
region.174 The Stark shift induced by the DC separation field was calculated using the 
relation of IE = 6.1Ef1/2, where Ef is in V cm-1 and E is in cm-1.175   
3.3.2 Computational Methods 
The relativistic quantum chemical computations of Ce(C2H2) and its singly charged 
cation were carried out in two stages: the first step includes scalar relativity corrections in 
the SCF process and thus geometry optimizations and frequency calculations, and the 
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second step includes the additional Breit-Pauli operator as a perturbation in the final spin-
orbit computations. 
The effects of scalar relativity on molecular structures and electronic energies are large 
for atoms as heavy as Ce.  Scalar relativity was incorporated into all calculations reported 
here using the Local Unitary Transformation  approximation115 for the Infinite Order Two 
Components transformations133-134 of the one electron integrals. Analytic LUT-IOTC 
gradients176 were finite differenced to give force constant matrices and frequencies. 
Quadruple zeta-quality core-correlating all-electron basis sets of Noro and coworkers135-
136 were used, and are denoted here as QZC.  Since only spdfg basis sets could be used in 
the gradient calculations, the 3h and 1i functions in the standard QZC basis for Ce were 
truncated from all calculations, but the full QZC bases for C and H were retained.  This 
basis set family has correlating functions for the valence and all upper core orbitals of Ce 
(as well as the 1s of C) so that the only orbitals excluded from correlation treatments were 
the deep core of Ce (1s, 2sp, 3spd shells).  Correlating the n=4,5,6 shells of Ce was found 
to shorten Ce-C distances by about 0.04Å, compared to correlating only the 14 valence 
electrons of CeC2H2.  Geometry optimizations and frequency calculations were made using 
the Z-averaged second order perturbation theory (ZAPT) treatment177 for high-spin 
restricted open shell SCF (ROHF)138 wavefunctions.  Equation of motion coupled-cluster 
(EOM-CCSD) calculations137 also based on high-spin ROHF wavefunctions were used to 
survey the excited states of both neutral and cation. Because of computational limitations 
these EOM-CCSD calculations employed the double zeta core correlating basis set.135-136 
Spin-orbit calculations were based on very small configuration interaction (CI) 
calculations, whose orbitals are obtained using state-averaged multi-configuration self-
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consistent field.139  Dynamical correlation effects and spin-orbit effects were treated as 
simultaneous perturbations by multi-reference quasi-degenerate perturbation theory 
(MCQDPT).141, 178 In these MC calculations, the active spaces were (2, 8) for the neutral 
radical with 4f16s1 electrons and one 6s and seven 4f orbitals, and (1, 7) for the ion with a 
4f1 electron and seven 4f orbitals.  The spin-orbit calculations used the full Breit-Pauli 
operator.142-143  All calculations were made using the GAMESS quantum chemistry 
package.144 
To compare with the experimental MATI spectra, multi-dimensional Franck-Condon (FC) 
factors were calculated from the equilibrium geometries, harmonic vibrational frequencies, 
and normal coordinates of the neutral and ionized complexes.179 In these calculations, the 
recursion relations from Doktorov et al.180 were employed, and the Duschinsky effect181 
was considered to account for a possible axis rotation from the neutral complex to the 
cation. Spectral simulations were obtained using the experimental linewidth and 
Lorentzian line shape. Transitions from excited vibrational and spin-orbit levels of the 
neutral complex were considered by assuming thermal excitations at specific temperatures. 
3.4 Results and Discussion 
The Ce + ethylene reaction forms two metal-hydrocarbon species: Ce(C2H2) and 
Ce(C4H6), as shown in Figure 3.1. Ce(C2H2) is apparently generated by H2 elimination from 
an ethylene molecule, whereas Ce(C4H6) is formed by a secondary reaction involving both 
C-C bond coupling and dehydrogenation. CeO and Ce ions are generated by two-photon 
ionization processes as their ionization energies are higher than the laser energy used for 
recording the TOF mass spectrum.182-183 CeO could be formed by the reaction of Ce atoms 
with oxygen presented in the helium carrier gas as an impurity or by the laser vaporization 
56 
of Ce oxide impurity in the Ce rod. The products of the Ce + ethylene reaction has the same 
stoichiometry as those of the La reaction,51 suggesting that the two elements have similar 
chemistry toward the alkene molecule. In this article, we will focus on the spectroscopic 
and computational characterization of Ce(C2H2) and its singly charged cation. 
3.4.1 MATI Spectra 
 The MATI spectrum of Ce(C2H2) (Figure 3.2a) shows two strong bands, separated by 
128 cm-1, at 41604 (5) and 41732 (cm-1). Associated with each of the strong bands are a 
short progression of 525 cm-1 and a weak band at 796 cm-1 on the higher energy side and a 
weak 500 cm-1 band at the lower energy side. Thus the spectrum may be considered as 
consisting of two band systems. Either of the two band systems is similar to the MATI 
spectrum of La(C2H2) formed by  the La + ethylene reaction.51  The La(C2H2) spectrum 
exhibited only a single band system with the origin band at 41174 cm-1, a short progression 
of 522 cm-1 and a weak band at 806 cm-1 to the blue of the origin band,  and an addition 
weak band at 495 cm-1 to the red.  The 525 and 495 cm-1 transitions were assigned to 
symmetric metal-ligand stretching excitations in the ion and neutral states, respectively; 
the 806 cm-1 transition was attributed to an in-plane symmetric C-H bending excitation in 
the ion. By analogy, the 525 and 500 cm-1 transitions can be assigned to the symmetric 
Ce+/Ce-ligand stretching vibrations and the 796 cm-1 to the symmetric C-H bending 
motion. The major issue about the Ce(C2H2) spectrum, however, is to identify the origin of 
the 128 cm-1 splitting between the two band systems, which may be due to the ionization 
of two isomers at their electronic ground states or single isomer thermally populated at 
different vibrational, electronic, or spin-orbit energy levels.    
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 For La(C2H2), three possible isomers have  been investigated: La[η2-HCCH] formed 
by the elimination of one H atom from each C atom, H-La-CCH by the insertion of La 
atom into a C-H bond of the dehydrogenated C2H2, and La[η1-CCH2] by the elimination of 
both hydrogen atoms from single carbon atom.51 La[η 2-HCCH], which is a 
metallacyclopropene, is the most stable isomer, while H-La-CCH and La[η 1-CCH2] are at 
much higher energies. The cyclic isomer was determined to be the sole contributor to the 
observed MATI spectrum because other two isomers have higher energies and very 
different spectral profiles. Similarly, the MATI spectrum of Ce(C2H2) may be assigned to 
the ionization of a three-membered cyclic structure as well. Contributions from more than 
one isomer can be excluded because a spectrum from two distinct structural isomers is 
expected to exhibit band systems consisting of different vibrational intervals and intensity 
profiles.  
 To address a possibility of vibrational hot bands, we carried out the Ce reaction with 
deuterated ethylene and recorded the MATI spectrum of La(C2D2) (Figure 3.2b). Upon 
deuteration, the separation of the two strong bands remains unchanged although each is 
shifted by ~ 20 cm-1.  On the other hand, the Ce+/Ce-ligand stretching frequencies are 
shifted by 25 cm-1 for the ion and 32 cm-1 for the neutral species, and the C-H bending is 
shifted by 226 cm-1.  All these isotopic shifts are to lower energies, as shown in Table 3.1. 
The observed C-H:C-D bending frequency ratio is 1.396, which is close to the calculated 
value of 1.363 using the formula (νC-H /νC-D) = (μC-D/μC-H)1/2, where ν and μ stand for 
vibrational frequencies and reduced masses. Similarly, the observed Ce+/Ce-C2H2 : 
Ce+/Ce-C2D2 stretching frequency ratios are 1.011/1.027, close to the predicted value of 
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1.031. Because the deuteration has no effect on the 128 cm-1 separation, neither of the two 
strong bands could be a vibrational hot band.   
 Up to this point, we have excluded two isomer contributions and vibrational hot bands 
from the observed two strong bands. In the next section, we will present a series of 
relativistic ab initio calculations and then discuss possibilities of ionizations from two 
distinct electronic states or spin-orbit energy levels of a single isomer on the basis of the 
computational results. 
3.4.2. Relativistic Calculation and Identification of Observed Spin-orbit Coupling 
 Russell-Saunders states. Both Ce(C2H2) and Ce+(C2H2) were predicted to be in three-
membered cyclic C2v structures, similar to the corresponding La species. Search for the 
lowest electronic states of the neutral complex (without any spin-orbit coupling) was first 
carried out by calculating the triplet states in all four symmetry species (e.g., 3A1, 3A2,  3B1,  
and 3B2), and the four triplets were found to lie close together in both energy and geometry 
according to both ROHF and ZAPT calculations. Each triplet state was found to have one 
unpaired 6s electron with a 4f electron from one of four different 4f orbitals in the same 
electron orientation. Because there are seven 4f orbitals on Ce atom, the coupling of the 
4f1 and 6s1 orbitals should form seven triplet states. Additional three triplet states were 
located by EOM-CCSD calculations. All seven triplet states with the 4f16s1 configuration 
were found in a narrow energy window (0.15 eV), and they are 23A1+3A2+23B1+23B2, 
which correspond to the subduction of the 4f orbitals into the C2v group. We have also 
located other triplet states at much higher energies, with the lowest state being 0.75 eV 
higher than the highest of the seven states. The two lowest energy states are 3B1 and 3B2, 
with 3B2 being ~ 10 cm-1 lower than 3B1 at the ZAPT level but ~ 10 cm-1 higher from other 
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methods. This pair of states is "twins", and the two 4f orbitals used in the "twins" 
correspond to the 4f pair with |Lz|=3. The 4f pair is perpendicular to the CeC2 plane and 
rotates into each other by a 30° turn.  The 5dxz orbital forms a filled bonding orbital to the 
in-plane π* orbital of C2H2, with the remaining d's being largely unused.  In addition to the 
seven triplet states, coupling of the 4f1 and 6s1 electron in opposite spin orientations 
produces an additional seven low-lying singlet states.  
 The electronic structure of the Ce+(C2H2) ion is simple to summarize: EOM-CCSD 
finds seven close lying doublets (within a range of 0.16 eV) resulting from the removal of 
the 6s electron of the neutral molecule, leaving seven possible 4f1 occupancies, with an 
interval of 2.4 eV from the highest of these to the next doublet state.  
 Thus, although the ground state of Ce involves three orbitals 4f15d16s2, the molecular 
wavefunctions simplify to 7 singlets and 7 triplets from 4f16s1 for CeC2H2 and 7 doublets 
from 4f1 for Ce+(C2H2). State-averaged MCSCF calculations on the 7 triplets (or the 7 
doublets) produce a set of 8 (or 7) optimized orbitals to represent all states within ~ 0.2 eV.  
Electron correlation is added to these small CI computations by MCQDPT calculations. 
The energy ordering for the first few states of both neutral and cation are summarized in 
Table 3.2.  In this table, the spin-orbit level labels are the overall symmetry species of 
electron spin and special orbital, and the spin-multiplicity was dropped from those levels 
where a mixture of different spins are predicted.    
 Spin-orbit coupling. As pointed out earlier, the observed spectrum in Figure 3.2 
consists of two band systems with origin bands being separated by 128 cm-1. We first rule 
out possibilities of the origin splitting by Russell-Saunders states before turning to the most 
likely solution in the spin-orbit coupled levels (Table 3.2). The lower-energy origin band 
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could be due to the ionization from a thermally populated low-lying Russell-Saunders state 
in the neutral molecule.  The "twin" electronic states 3B2 and 3B1 are only ~ 10 cm-1 apart 
and may be considered to be unresolved contributions to the higher energy origin band. 
The next neutral electronic states are the singlet coupled "twins" 1B2 and 1B1 (again with ~ 
10 cm-1 apart) at ~ 350 cm-1 at the MCQDPT level, which is almost three-times as large as 
the observed origin band splitting. Another possible explanation could be that the higher-
energy origin band corresponds to excitation into an excited state of the cation.  But, the 
first excited ion state is predicted at 347 cm-1 above the “twin” ion states 2B1 and 2B2, which 
is again about three-times as large as the observed 128 cm-1 splitting. Furthermore, 
excitation of a neutral ground state to two ion states of similar electron configuration (i.e., 
4f1) should have comparable ionization cross sections, which is inconsistent with the 
observed much weaker intensity (~ 65%) of the lower-energy origin band. 
 The cleanest explanation of the observed 128 cm-1 splitting is as arising from the first 
two spin-orbit levels of the neutral molecule. Because of their very similar occupation of a 
4f orbital, the spin-orbit matrix elements for neutral <3B1(MS=1)|Hbreit-Pauli|3B2(MS=1)> and 
cation <2B1(MS=½)|HBreit-Pauli|2B2(MS=½)> are both 925i cm-1.  Numerous other Breit-Pauli 
interactions are of similar magnitude.  These values are much larger than the splitting of 
the origin bands, so spin-orbit coupling should be important. Table 3.2 shows that at the 
spin-orbit coupled MCQDPT level there is embarrassingly good agreement with 
experiment, with an unresolvable pair of levels at ~130 cm-1.  Similarly, the inclusion of 
all but the deep core's correlation energy gives an accurate prediction for the higher origin 
band, namely 41229 cm-1 according to the MCQDPT/QZC spin-orbit calculations, for the 
origin observed at 41732. 
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 The two spin-orbit coupled MCQDPT levels (3A2 and 3A1) at 0 and 5 cm-1 which are 
responsible for the higher origin band are found to be nearly equal mixtures of the original 
twin states, 3B1 and 3B2 (~45%/45%), a mixing caused by the spatial portion of the Breit-
Pauli operator.  The level pair (B1 and B2) responsible for the lower origin band is actually 
spin-mixed, with the level at 130 cm-1 being 37% 1B1 and 52% 3B1, while the 134 cm-1 
level is 37% 1B2 and 52% 3B2. 
 Spectral simulation. With the identification of the spin-orbit coupled twin levels as 
the contributors for the observed 128 splitting, we now turn our attention to spectral 
simulations. We use one of the neutral twin states (3B2) to represent for the initial neutral 
state and one of the ion twin states (2B2) for the final cation state to simulate the observed 
MATI spectrum. We do so because the spin-orbit coupled levels are made of the twin 
states, which have almost identical geometries and vibrational frequencies in the neutral 
and cation, respectively. At the ZAPT level, for example, each triplet state (3B1 or 3B2) has 
r(Ce-C) = 2.265 Å and r(C-C) = 1.342 Å. After ionization, the cation has two similarly 
almost identical states (2B1 or 2B2), with r(Ce+-C)= 2.221 Å and r(C-C) = 1.343 Å. The 
slightly shorter metal-carbon distance in the cation is due to the increased charge 
interaction upon ionization. The ∠CCH angle is considerably bent in both neutral (127.7o) 
and cation (129.5o).  Figure 3.3 compares the experimental and simulated spectra of 
Ce(C2H2). In the simulation, the theoretical 0-0 band energies and intensities are shifted or 
normalized to the experimental values for clear comparison; vibrational frequencies are 
taken from theory without scaling (Table 3.1); and  the relative intensity of the lower-
energy origin band is obtained from Boltzmann population based on the predicted spin-
orbit splitting (130 cm-1). Clearly, the simulated and measured spectra are in very good 
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agreement. The computational errors are about 1% for the energies of origin bands and C-
H bending frequencies and 4% for the metal-ligand stretching frequencies (Table 3.1). 
3.5 Conclusions 
 The reaction of Ce + ethylene forms Ce(C2H2) by hydrogen elimination and Ce(C4H6) 
by C-C bond coupling and dehydrogenation. The reaction products are similar to those 
produced by the La + ethylene reaction, suggesting that 4f1 electron of Ce atom plays 
insignificant roles in this type of reactions. The MATI spectrum of Ce(C2H2) exhibits two 
band systems, each with similar Ce+/Ce-C2H2 stretching and C-H bending frequencies and 
activities. The two band systems are investigated experimentally by isotopic substitutions 
and theoretically by relativistic ab initio calculations without and with spin-orbit coupling 
and identified as the spin-orbit splitting. The predicted ionization energy, vibrational 
frequencies, and spin-orbit splitting are in excellent agreement with the measured values. 
The accurate prediction of the spin-orbit splitting is especially satisfying when we consider 
the relatively small active spaces used in the multi-configuration calculations. To our 
knowledge, this is probably the first detailed spectroscopic and computational study of a 
polyatomic organolanthanide radical that is formed by metal-mediated C-H bond 
activation. Addition studies are warranted on lanthanide organometallic radicals of various 
symmetries and sizes, as both molecular symmetry and size affect the degrees of the spin-
orbit coupling.   
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Table 3.1. Origin bands (cm-1) and Ce+/Ce-ligand ( νs+/ νs, cm-1) and in-plan C-H/D 
bending (δs+, cm-1) frequencies of Ce(C2H2) and Ce(C2D2) from MATI spectra and 
theoretical calculations. νs+ and δs+ are for the ion and νs is for the neutral state.  The 
uncertainty of the origin band energies are ~ 5 cm-1.  Theoretical origin-band energies are 
from spin-orbit MCQDPT calculation with vibrational zero-point corrections from ZAPT. 
Origin band νs+ νs δs+ 
Ce(C2H2) MATI 41604, 41732 525 500 796 
Theory 41097, 41229 548 522 807 
Ce(C2D2) MATI 41584, 41712 519 487 570 
Theory 41078, 41210 538 507 574 
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 Table 3.2. The lowest Russell-Saunders terms before spin-orbit coupling, the lowest spin-
orbit levels, and ionization energies from relativistic ab initio calculations. All are 
expressed in cm-1. Ionization energies are the transitions energies of 2B1 ←3B1 before spin-
orbit coupling and    2E1/2 ← 3A2 with spin-orbit coupling. 
without spin-orbit coupling with spin-orbit coupling 
term CI MCQDPT level SO-CI SO- term contributions 
  3B1 0 0 3A2 0 0 46% 3B1, 45% 3B2 
3B2 12 5 3A1 6 5 45% 3B1, 46% 3B2 
1B1 569 344 B1 210 130 37% 1B1, 52% 3B2 
1B2 580 355 B2 214 134 37% 1B2, 52% 3B1 
3A2 672 576 B2 697 611 32% 3A2, 38% 3A1, 29% 
3A1 694 589 A2 820 689 24% 1A2, 40% 3A1, 34% 
 2B1 0 0 2E1/2 0 0 44% 2B1, 44% 2B2 
2B2 2 4 
2A1 480 347 2E1/2 518 418 37% 2A1, 29% 2A2, 32% 
2A2 480 402 
  AIE 37,895 41,256 37,860 41,229 
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Figure 3.1. TOF mass spectrum of the molecular beam produced 
by the Ce + ethylene reaction recorded at 228 nm. The 
seeding concentration of ethylene in He was ~ 10-4. 
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Figure 3.2. MATI spectra of Ce(C2H2) (a) and 
Ce(C2D2) 
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Figure 3.3. MATI spectrum (a) and simulations of 2B2 ← 3B2 at 350 K 
(b) of Ce(C2H2). The intensity and energy of the calculated origin band 
(blue) are aligned with or normalized to those of the experimental origin 
band. The red curve is shifted by 128 cm-1 to simulate the experimental 
41604 cm-1 band system and the relative intensity of the lower-energy 
origin band is calculated from the Boltzmann population. Vibrational 
wavenumbers x/y correspond to the experimental and theoretical values. 
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CHAPTER 4. MASS-ANALYZED THRESHOLD IONIZATION 
SPECTROSCOPY OF LANTHANIDE IMIDE LnNH (Ln=La and Ce) 
RADICALS FROM N-H BOND ACTIVATION OF AMMONIA 
4.1 Overview 
Ln (Ln = La and Ce) atom reactions with ammonia are carried out in a pulsed laser 
vaporization supersonic molecular beam source.  Lanthanide-containing species are 
observed with time-of-flight mass spectrometry, and LnNH molecules are characterized by 
MATI spectroscopy and quantum chemical calculations. The theoretical calculations include 
density functional theory for both Ln species and a scalar relativity correction, electron 
correlation, and spin-orbit coupling for the Ce species. The MATI spectrum of LaNH 
exhibits a single vibronic band system with a strong origin band and two weak vibronic 
progressions, whereas the spectrum of CeNH displays two band systems separated by 
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 with each being like the LaNH spectrum. By comparing with the theoretical 
calculations, both LaNH and CeNH are identified as linear molecules with C∞v 
symmetry, and the two vibronic progressions are attributed to excitations of Ln-N 
stretching and Ln-N-H bending modes in the ions. The additional band system observed 
for CeNH is due to the spin-orbit splitting from interactions of triplet and singlet states. 
The ground valence electron configurations of LaNH and CeNH are La 6s1 and Ce 
4f16s1, and ionization of each species removes the Ln 6s1 electron. The remaining two 
electrons that are associated with the isolated Ln atoms or ions are in a doubly degenerate 
molecular orbital that is a bonding combination between Ln 5dπ and N pπ orbitals. 
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4.2 Introduction 
 Bond activation of ammonia by metal atoms or ions has attracted considerable interest 
in gas-phase and solid-argon chemistry and spectroscopy. Such interest could be associated 
with the development of fundamental chemistry in oxidative addition of ammonia,184-185 
catalytic C-H amination,185-187 or ammonia as a feedstock for producing hydrogen in fuel 
cells.188 Metal ion reactions in the gas phase have largely been investigated with mass 
spectrometry-based techniques.189-200 It has been reported that reactions of the early 
transition metal ions (M+ = Sc+, Ti+, and V+) are exothermic and produce [MNH]+, while 
reactions of the middle and late transition metal ions (M+ = Cr+-Cu+ ) at their ground 
electronic states are endothermic and could yield [MNH1,2]+ or [MH]+ ions.200 For 
lanthanide ions (Ln+), H2 elimination to form [LnNH]+  is observed with La+, Ce+, Gd+, 
and Tb+, and NH3 addition with all other Ln+ ions (except for Pm+).194-195 For neutral metal 
atom reactions in the gas phase, MNH3 (M = Al, Ga, and In)201-203 and M(NH3)1,2 (M=Cu 
and Ag)204-207 have been characterized with zero electron kinetic energy or resonantly 
enhanced two photon ionization spectroscopy and MNH (M = Sc, Y, and La) with a fast-
flow reactor,208 laser-induced fluorescence,209-212 or optical Stark spectroscopy.213 In solid 
Ar matrices, neutral metal atom reactions have been investigated with matrix isolation 
infrared spectroscopy.214-222 It has been showed that laser-ablated metal atoms (M = Sc, Ti, 
V, Zr, Hf, Cr. Mo, Ta, Ce, Th, and U) react with ammonia to form MNH3 spontaneously 
on annealing. The MNH3 complexes undergo photochemical rearrangement to HMNH2, 
and the HScNH2 molecule further decomposes to ScNH + H2 upon ultraviolet-visible 
irradiation.216 On the other hand, for the Ce atom reaction the H2CeNH molecule 
decomposes to yield HCeN + H2 upon photolysis.221-222 The observation of HCeN in Ar 
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matrices is interesting though a bit surprising because the decomposition of H2MNH 
requires additional energy to break the remaining N-H bond, and other rare earth reactions 
with NH3 have been reported to produce MNH (M = Sc, Y, and La) in the gas phase209-213 
and in Ar matrices (M = Sc).216  
 In this article, we report the observation of Ln atoms (Ln = La and Ce)-mediated H2 
elimination of NH3 and spectroscopic and computational characterization of the LnNH 
radicals formed in the Ln + NH3 reactions. The motivation of this work was to compare 
the reactions of two Ln metals under similar experimental conditions and the spectroscopy 
and structures of the resultant Ln radicals. La atom has the ground electron configuration 
[Xe]5d6s2 and a low-energy reactive configuration [Xe]5d26s1 at 7.6 kcal/mol. Similarly, 
Ce atom has the ground electron configuration [Xe]4f15d16s2 and a low-energy reactive 
configuration [Xe]4f15d26s1 at 6.8 kcal/mol. Because 4f orbitals of the Ln atoms penetrate 
the xenon core and are traditionally thought to be unable to overlap with ligand orbitals,172 
both La and Ce reactions with ammonia are expected to produce similar products. 
However, the recent matrix-isolation infrared spectroscopic studies proposed that the 
dehydrogenation species formed by the Ce + NH3 reaction in solid Ar38,39 had a different 
structure (HCeN) from that produced by the La + NH3 reaction in the gas phase (LaNH).212-
213  The variation could be due to different experimental conditions used in the previous 
studies or the inherent difference of the two elements.  Thus, it is desirable to investigate 
the two reactions and their products in the same medium and under similar experimental 
conditions. Moreover, the presence of a 4f electron is expected to yield additional 
electronic energy levels and thus more complex spectroscopy due to the closely-lying 4f 
orbitals and SO coupling. This study was set out to address the above two propositions.  
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4.3 Experimental and Computational Methods 
4.3.1 Experimental  
 The metal-cluster beam instrument used in this work consists of reaction and 
spectroscopy vacuum chambers and was described in a previous publication.173 The Ln-
ammonia reactions were carried out in a laser vaporization metal cluster beam source.  NH3 
(99.98%, Aldrich) was seeded in a He carrier gas (99.998%, Scott Gross) with a 
concentration of 0.4% in a stainless-steel mixing cylinder. La and Ce atoms were generated 
by pulsed-laser (Nd:YAG, Continuum Minilite II, 532 nm, ~ 2 mJ/pulse) vaporization of a 
La or Ce rod (99%, Metallium) in the presence of the NH3/He mixture (40 psi) delivered 
by a home-made piezoelectric pulsed valve.  The metal atoms and gas mixture entered a 
collision tube (2 mm diameter and 2 cm length) and were then expanded into the reaction 
chamber, collimated by a cone-shaped skimmer (2 mm inner diameter), and passed through 
a pair of deflection plates. Ionic species in the molecular beam that were formed during 
laser vaporization were removed by an electric field (100 Vcm-1) applied on the deflection 
plates. The neutral products were identified by photoionization time-of-flight mass 
spectrometry.  Prior to the MATI measurements, photoionization efficiency spectra of 
LnNH were recorded to locate their approximate ionization thresholds to guide MATI 
scans. In the MATI experiment, the Ln molecules was excited to high-lying Rydberg states 
in a single-photon process and ionized by a delayed pulsed electric field. The excitation 
laser was the same as that for photoionization in the mass spectrometric and 
photoionization efficiency experiments and was the frequency doubled output of a tunable 
dye laser (Lumonics HD-500), pumped by the third harmonic output (355 nm) of a 
Nd:YAG laser (Continuum Surelite II). The laser beam was collinear and counter 
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propagating with the molecular beam. The ionization pulsed field (320 V cm-1) was 
generated by two high voltage pulse generators (DEI, PVX-4140) and delayed by 20 µs 
from the laser pulse by a delayed pulsed generator (SRS, DG641). A small DC field (4.8 
V cm-1) was applied to separate the ions produced by direct photoionization from the MATI 
ions generated by delayed field ionization. The MATI ion signal was obtained by scanning 
the wavelength of the tunable dye laser, detected by a dual microchannel plate detector, 
amplified by a preamplifier (SRS, SR445), visualized by a digital oscilloscope (Tektronix 
TDS 3012), and stored in a laboratory computer. Laser wavelengths were calibrated against 
vanadium atomic transitions in the MATI spectral region. The Stark shift induced by the 
DC separation field was calculated using the relation IE = 6.1Ef1/2, where Ef is in V cm-1 
and E is in cm-1.   
4.3.2. Computational 
 DFT/B3LYP was used to calculate the equilibrium geometries and vibrational 
frequencies of LnNH and LnNH+. The basis sets used in these calculations were 6-311+G 
(d, p) for C and H and the Stuttgart/Dresden (SDD) effective-core-potential basis set with 
28 electron core for La and Ce. Cs point group was used in geometry optimizations of the 
LnNH molecules; each was converged to a C∞v linear structure.  In predicting reaction 
pathways, the geometry of each stationary point was obtained through a relaxed potential 
energy surface scan along the proposed reaction coordinates. The relaxed scan involved 
the scanning of bond distances for bond breakage, and the structure of each point of the 
scan was optimized using the Berny algorithm. For each optimized stationary point, a 
vibrational analysis was performed to identify the nature of the stationary point. Energy 
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minima connected by a transition state were confirmed by intrinsic reaction coordinate 
calculations. All DFT calculations were performed with Gaussian 09 software package.223 
 To compare with the experimental MATI spectra, multi-dimensional Franck-Condon 
(FC) factors were calculated from the equilibrium geometries, harmonic vibrational 
frequencies, and normal coordinates of the neutral and ionized complexes.179 In these 
calculations, recursion relations were employed, and the Duschinsky effect was considered 
to account for a possible axis rotation from the neutral complex to the cation. Spectral 
simulations were obtained using the experimental line width and Lorentzian line shape. 
Transitions from excited vibrational levels of the neutral molecule were considered by 
assuming thermal excitation at specific temperatures.  
Relativistic quantum chemical computations on CeNH and its singly charged cation were 
carried out to account for the observed two band systems in the MATI spectrum. These 
calculations involved two steps: the first step included scalar relativity corrections in the 
self-consistent field (SCF) process and the second step the additional Breit-Pauli operator 
as a perturbation in the final SO coupling computations. Scalar relativity was incorporated 
into the calculations using the local unitary transformation (LUT) approximation115 for the 
infinite order two component (IOTC) transformations133-134 of the one electron integrals. 
The orbital bases used in these calculations were quadruple zeta-quality core-correlating 
all-electron basis sets of Noro and coworkers (QZC).135-136  Since only spdfg basis sets 
could be used in the gradient calculations, the 3h and 1i functions in the standard QZC 
basis for Ce were truncated from all calculations, but the full QZC bases for C and H were 
retained.  This basis set family has correlating functions for the valence and all upper core 
orbitals of Ce (as well as the 1s of N) so that the only orbitals excluded from correlation 
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treatments were the deep core of Ce (1s, 2sp, 3spd shells). Equation of motion coupled-
cluster (EOM-CCSD) calculations137 based on high-spin restricted open shell SCF 
(ROHF)138 wavefunctions were used to survey the excited states of both neutral and cation. 
Because of computational limitations, these EOM-CCSD calculations employed the double 
zeta core correlating basis set (DZC).135-136 SO calculations were based on small 
configuration interaction calculations, whose orbitals were obtained using the state-
averaged MCSCF method.139  In these MCSCF calculations, the active spaces were two 
electrons in eight orbitals (2, 8) for the neutral radical with Ce 4f16s1 electrons and one 6s 
and seven 4f orbitals, and (1, 7) for the ion with a Ce 4f1 electron and seven 4f orbitals. 
Dynamic correlation effects and spin-orbit effects were treated as simultaneous 
perturbations by multi-reference quasi-degenerate perturbation theory (MCQDPT).140-141 
the SO  calculations used the full Breit-Pauli operator.142-143 All relativistic calculations 
were made using the GAMESS quantum chemistry package.144 
4.4 RESULTS AND DISCUSSION 
4.4.1 TOF Mass Spectra and Lanthanide-Containing Radicals 
Figure 4.1 displays the TOF mass spectra of the Ln + NH3 (Ln = La and Ce) reactions 
recorded with 239 nm photoionization.  For the La + NH3 reaction, the mass spectrum 
(Figure 4.1a) shows LaNH(NH3)0-3 and LaO(NH3)0-3. LaNH is apparently due to the H2 
elimination of NH3, and the resultant LaNH molecule further proceeds with NH3 
associations. LaO could be formed by La reactions with oxygen that is present in the He 
carrier gas as an impurity or by laser vaporization of La oxide impurity in the La rod. The 
fact that no La/NH3 adducts are observed indicates that atomic La is more reactive than 
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either LaNH or LaO toward ammonia.  The products of the La + NH3 reaction are 
comparable to those of the corresponding La+ reaction observed by inductively coupled 
plasma mass spectrometry.194-195 The mass spectrum of the Ce + NH3 reaction is similar to 
that of the corresponding La reaction though the larger NH3 adducts are not clearly 
observed. The observation of CeNH and its adducts with NH3 in both reactions suggests 
that La and Ce behave similarly toward ammonia. In the discussion above, we implicitly 
assume that the two dehydrogenated metal-containing species have the same atomic 
connectivity LnNH, rather than NLnH. In the discussion below, we will show that this is 
indeed the case.       
4.4.2 MATI spectrum of LaNH  
The MATI spectrum of LaNH (Figure 4.2a) shows a strong origin band at 40883 (5) 
cm-1, which corresponds to the adiabatic IE of the molecule. Above the origin band, it 
displays a main progression of 808 cm-1 with up to two vibrational quanta, a small band at 
68 cm-1 from each member of the main progression, a weaker progression of 526 cm-1 with 
up to two vibrational quanta as well, and a combination band of (808 + 526) cm-1 marked 
with “*”. At the lower energy side of the origin band are two weak bands at 458 and 763 
cm-1, respectively.  The 808 and 526 cm-1 progressions and the combination band above 
the origin band correspond to the transitions from the vibronic ground state of the neutral 
molecule to vibrational excited levels of the singly charged ion, while the satellite bands 
are sequence bands, and the bands below the origin band are hot bands from thermally 
excited vibrational levels of the neutral molecule. Thus, the 458 and 763 cm-1 transitions 
could be compared to the vibronic bands observed in the dispersed fluorescence spectrum 
of the C2Π ←X2∑ transition,212 which showed a strong ν2 (σ+, La-N stretch) fundamental 
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at 750 (12) cm-1, a weak ν3(π, La-N-H bend) fundamental at 493 cm-1, and a median 2ν2 at 
909 (9) cm-1 (the original paper incorrectly labeled ν2 for the bending mode and ν3 for the 
stretching mode). The weak ν3 bending fundamental band could imply a degree of vibronic 
coupling in the C2Π state (i.e., the Renner-Teller effect). The 763 cm-1 hot band in our 
MATI spectrum is comparable to the ν2 stretching fundamental (750 cm-1) reported from 
the fluorescence spectrum by considering the measurement uncertainty. The 458 cm-1 hot 
band is smaller than the ν3 fundamental from the fluorescence measurement (493 cm-1) but 
is about one half of the ν3 two-quantum transition (909 cm-1) from the same study. Because 
the weak, broad ν3 fundamental signal in the fluorescence spectrum, it is possible that the 
measurement of the fundamental band position may have a larger error.  Thus, we assign 
the two hot bands at 458 and 763 cm-1 in our MATI spectrum to the ν3 and ν2 fundamentals. 
Although there has been no previous vibronic measurements on LaNH+, the 526 and 808 
cm-1 vibronic bands can be assigned to νand ν2+ in the ion because the only other mode 
of the ion, ν1+ (σ+, N-H stretch), has a much higher frequency. The difference between ν3+ 
and ν3 (526 – 458 cm-1) equals the 68 cm-1 separation between the 808 cm-1 progression 
and the small satellite bands. Thus, these small bands are attributed to sequence transitions 
between the first excited quantum of ν and ν3+. The vibrational assignments and electronic 
transition are further discussed below by comparing with the theoretical calculations.     
The observed MATI spectrum is attributed to the 1∑+ ← 2∑+ transition of LaNH. The 
ground electronic state of LaNH is predicted by the DFT calculations to be 2∑+ (C∞v), in 
consistent with the previous dispersed fluorescence spectroscopic study.212 The valence 
electron configuration in the ground state is π4(σ+)1, where σ+ is a La 6s-based orbital and 
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π4 is a doubly degenerated bonding orbital between La 5dπ and N 2pπ(Figure 
4.3).Ionization removes the La 6s-based electron and yields the singlet ion state 1∑+. 
Ionization could also remove a π electron, but resultant triplet or open-shell singlet states 
are expected to be considerably less stable. Because the La 6s-based electron is largely a 
non-bonding electron, its removal has a small effect on the molecular geometry (Table 4.3), 
which agrees with the short spectral profile observed in the MATI spectrum. Figure 4.2b 
presents the spectral simulation for the 1∑+←2∑+ transition, where the 0-0 transition is 
aligned with the experimental origin band, but the computed vibrational frequencies are 
not scaled for direct comparison with the experiment. As shown in Figure 4.2 and Table 
4.1, the spectral simulation reproduces nicely the 808 cm-1 progression and 785 cm-1 hot 
band, which are attributed to the La+-N stretch (ν2+, σ+) in the 1∑+ ion and the La-N stretch 
(ν2, σ+) in the 2∑+ ground state.  On the other hand, the weak 526 cm-1 progression, the1334 
cm-1 combination band, and the 458 cm-1 hot band are not simulated even though the 
calculated frequencies for the ν3+/ ν3 modes (561/481 cm-1) are in fair agreement with the 
measured values 526/458 cm-1 for the bending fundamental in the ion and neutral states. 
The failure to simulate the transitions associated with the odd quantum number change of 
the bending mode arises from the fact that the bending mode is not totally symmetric and 
thus forbidden in single photoionization. The previous observation of the bending 
fundamental in the dispersed fluorescence spectrum was explained in terms of the Renner-
Teller effect in the doubly degenerated C2Πstate. However, the transition responsible for 
the MATI spectrum involves only non-degenerated states (1∑+←2∑+). Thus, the Renner-
Teller effect could not be responsible for the MATI observation. The bending activity may 
be due to the Herzberg-Teller (HT) effect and/or the anharmonic behavior of the mode. A 
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similar observation has also been observed in the MATI spectrum of a tetrahedron-like 
trimethylenemethanelanthanum [La(C(CH2)3].59 The HT effect may induce an activity of 
a non-totally symmetry mode in an allowed electronic transition and lead to intensity 
stealing of the asymmetric vibration from a nearby electronic state. In the current case, the 
vibronic species with one quantum excitation of the π bending mode in the 1Σ+ ion is 1Πev, 
where the superscript “ev” stands for vibronic state. Then, the direct product of Γ(Σ+) ⊗ 
Γ(Π) has the same irreducible representation as the electric dipole moment along the (x, y) 
directions, and thus the 1Πev ← 2Σ+ transition is symmetry allowed. The 1Πev vibronic state 
can be coupled to a nearby electronic state of the same symmetry, resulting in the intensity 
stealing of the 1Πev ← 2Σ+ vibronic transition from the 1Π ← 2Σ+ allowed electronic 
transition. The 1Π ion state could be formed by the removal of a π electron from the ground 
electron configuration (π4(σ+)1) of the neutral molecule. The energy difference between the 
1Π and 1Σ+ ion states is roughly estimated to be 2.6 eV by the energy difference of the π4 
and (σ+)1 orbital.  Because the 1Π and 1Πev states are quite apart in energy, their coupling 
is expected to be relatively weak. Similar discussion applies to the observation of the 
thermally excited bending fundamental of the 2Σ+ ground state of the neutral molecule, 
where the 1Σ+ ← 2Πev vibrionic transition steals intensity from the 1Σ+ ← 2Π allowed 
electronic transition. The previous fluorescence study reported that the C2Π state is ~ 23000 
cm-1 above the 2Σ+ ground state of the molecule.212 To investigate anharmonic behavior of 
the molecular vibrations, we calculated the anharmonic vibrational frequencies, which are 
listed in Table 1 in comparison with the harmonic and experimental values. While the 
harmonic and anharmonic stretching fundamental are very similar, the anharmonic bending 
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frequency is significantly smaller than the harmonic value and has better agreement with 
the measured value.   
Other transitions of LaNH and ionization of NLaH are excluded from the observed MATI 
spectrum. In addition to the 1Σ+  ← 2Σ+ transition of LaNH, we have also considered the 
3Σ+ ← 2Σ+ and 3Σ+ ← 4A′ transitions. However, the 3Σ+ ← 2Σ+ transition is predicted to 
have a much higher IE (62586 cm-1) than the observed value (40883 cm-1), whereas the 
4A″ state is ~ 21000 cm-1 higher in energy than the 2Σ+ ground state (Table 4.3). NLaH is 
much less stable than LaNH, and the IE of the doublet ground state is much higher than the 
experimental value (Table 4.3). Therefore, NLaH may not be formed in the molecular beam 
or may be quenched by the supersonic expansion. 
4.4.3 Two Band Systems of CeNH 
The MATI spectrum of CeNH (Figure 4.4a) shows two strong bands at 41421 (5) and 
41496 (5) (cm-1). Associated with each of the strong bands are a short 818 cm-1 progression 
with up to two quanta and a weak band at 530 cm-1 on the higher energy side. Additionally, 
the spectrum displays a weak band at 646 cm-1 (marked with “*”) above the 41496 cm-1 
strong band. The 818 and 530 cm-1 transitions could easily be assigned to the Ce+-N 
stretching and N-Ce+-H bending vibrations in the ion. The stronger band at 41496 cm-1 is 
the origin band of an electronic transition, while the weaker band at 41421 cm-1 could be 
the origin band of another electronic transition or a hot band originating from a thermally-
excited vibrational level of the neutral molecule to the zero- or first vibrational level of the 
ion.  However, the assignment of the 41421 cm-1 band to a transition associated with a 
thermally-excited vibrational mode of the neutral molecule would imply that the neutral 
mode has a vibrational frequency of 75 cm-1 or the neutral mode is 75 cm-1 larger than the 
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corresponding ion mode (i.e. sequence transition). Either of the two possibilities can be 
excluded because no neutral vibrational mode of the molecule is expected to have such a 
low frequency or have a higher frequency than the corresponding ion mode as 
demonstrated by the MATI spectrum of LaNH. Thus, the MATI spectrum of CeNH must 
consist of two band systems, which could arise from the ionization of two isomers or two 
electronic states or SO levels of a single isomer. To attempt to identify the two band 
systems, we first carried DFT calculations on CeNH and NCeH by following the same 
approach as the one used for the La species. Our DFT calculations show that CeNH (3Φ) 
is more stable than the NCeH (1A′) by almost 1eV and a singlet excited state of CeNH (1Σ+) 
is less stable than the triplet ground state by more than 1 eV (Table 4.3). Thus, the two 
band systems observed in the MATI spectrum are unlikely associated with two isomers of 
the Ce species or the excited 1Σ+ state of CeNH. Explanation of the two band systems thus 
requires more sophisticated calculations that include multiconfiguration or SO coupling.  
 To investigate further transitions responsible for the observed two band systems, we 
have carried out two separate calculations on CeNH and CeNH+: multiconfiguration 
without and with SO coupling. Although the ground state of Ce has the electron 
configuration 4f15d16s2, the Ce-based electron configuration of CeNH is 4f16s1. The 
remaining two electrons that are associated with the isolated Ce atom are in a doubly 
degenerated orbital that is a bonding combination between Ce 5dπ and N px,y with the z-
axis being colinear with the molecular axis (Figure 4.3). Because there are seven 4f orbitals 
in a Ce atom, the coupling of the 4f and 6s orbitals should form seven triplets if the two 
electrons are in the same spin and seven singlets if their spins are opposite. The removal of 
the Ce 6s1 electron yields seven doublet ion states. State-averaged MCSCF calculations 
81 
predict the seven triplets to be within 0.19 eV, the seven singlets 0.26 eV, and the seven 
doublets 0.14 eV. In each spin, the seven states consist of one non-degenerate and three 
doubly degenerate states.  The state degeneracy is governed by the reduced representations 
of the 4f orbitals in the C∞v point group, which are Σ+ for 4f0, Π for 4f±1, ∆ for 4f±2, and Φ 
for 4f±3. The slight energy differences among the seven states of each spin are associated 
with the different orientations and lobes of the seven 4f orbitals. Dynamic electron 
correlation is added to MCSCF by MCQDPT calculations. The energies of the first few 
lowest states of the neutral and cation are listed in Table 4.2. The table shows that including 
the dynamic electron correlation reduces the energy differences among the low-energy 
states of the neural molecule and cation. However, the energy difference between the two 
lowest states of the neutral molecule (or the cation) is still three times as large as the 
observed separation of the two band systems (75 cm-1). Thus, the two band systems are 
neither due to the transitions from the 3Φ and 1Φ states of the molecule to the lowest-energy 
2Φ state of the cation, which would produce a 216 cm-1 separation of the two band systems, 
nor transitions from 3Φ state of the neutral molecule to the 2Φ and 2∆ states of the ion, 
which would produce a 494 cm-1 separation between the two band systems, both at the 
MCQDPT level. Furthermore, the thermally excited singlet state of the neutral molecule 
would have a considerably smaller population to produce the observed intensity of the 
lower-energy band system (I(41421 cm-1) / I(41496 cm-1) ≈ 60 %) in the molecular beam. 
If the transitions were from the 3Φ state of the neutral molecule to the two doublet states 
of the ion, the two band systems would show similar intensities because excitation of a 
neutral ground state to two ion states with similar electron configurations (i.e., 4f1) should 
have comparable ionization cross sections.   
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 The most likely explanation for the observed 75 cm-1 splitting of the two band systems 
is the SO coupling between the Ce 4f1 and 6s1 orbitals of the neutral molecule. Table 4.2 
shows relative energies of several lowest-energy SO coupled levels. The energy difference 
between the ∆ (S ≈1) and Φ terms are predicted to be 78 cm-1 at the SO-MCQDPT level, 
which is in excellent agreement with the experiment. A similar agreement between the SO-
MCQDPT calculation and MATI measurement was also obtained for Ce(C2H2).224 
Moreover, the inclusion of all but the deep core correlation energy gives 40590 cm-1 for 
the higher origin band at the SO-MCQDPT level, agreeing reasonably with the origin band 
observed at 41496 cm-1. In Table 4.2, the SO coupled level symmetries are the overall 
symmetry products of the electron spin and spatial symmetries. To have a nonzero SO 
coupling matrix element ∫ψ1(o)ψ1(s)|Hso|ψ2(o)ψ2(s)dτ, the direct product of Γ1(o) Γ1(s)⊗ 
Γ(Hso)⊗Γ2(o) Γ2(s) will contain the totally symmetric representation, where Γ1,2(o) Γ1,2(s) 
are representations of the spatial and spin symmetries of states 1 and 2, and Γ(Hso) is the 
representation of the SO Hamiltonian operator. Because the Γ(Hso) belongs to the totally 
symmetric representation, the direct product of Γ1(o) Γ1(s)⊗Γ2(o) Γ2(s) must contain the 
totally symmetric representation, or Γ1(o) Γ1(s) must contain or be the same representation 
as Γ2(o) Γ2(s) for a nonzero SO matrix element. Under C∞v, the representation of a singlet 
spin state is Σ+ and those of a triplet spin state are Σ- + Π.225 As an example, we consider 
the symmetry label for the 78 cm-1 SO level, which consists of 3Φ (91%), 3∆ (6%), and 1∆ 
(3%) spatial terms. The symmetry direct products of the 3Φ, 3∆, and 1∆ spatial terms and 
respective triplet and singlet spin terms are Φ ⊗ (Σ- + Π) = Φ + ∆ + Γ, ∆ ⊗ (Σ- + Π) = ∆ + 
Π + Φ,  and ∆ ⊗ Σ+ = ∆, respectively. The SO level symmetry thus must be ∆ to yield a 
nonzero SO matrix element.
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 With the identification of the SO levels as the contributors for the observed 75 cm-1 
splitting, we now turn our attention to spectral simulations. We use the spatial 3Φ state to 
represent the initial neutral state and the 2 state for final ion state to simulate the observed 
MATI spectrum. We do so because the SO coupled levels are made of these states. A SO 
electronic temperature of ~ 200 K was estimated from the relative intensities of the two 
origin bands. This temperature is different from that (350 K) used for simulating vibrational 
hot bands. Clearly, the simulation (Figure 4.4b) reproduces the 818 cm-1 progression that 
is attributed to the Ce+-N stretching excitations in the ion and the 68 cm-1 sequence bands 
that are associated with the bending mode in the neutral and ion. The 530 cm-1 is not 
simulated but assigned to the excitation of the Ce+-N-H bending excitation, like the case 
of LaNH. The very weak band at 646 cm-1 above the 41496 cm-1 origin band could not be 
accounted for by the simulations, and no corresponding band is observed in the MATI 
spectrum of LaNH. This band may be due to the transition from the lowest SO level (∆, 
S≈1) of the neutral molecule to the second lowest SO level (2E3/2) of the ion. This 
assignment gives a computed band at 600 cm-1 above the origin band, which is in 
reasonably good agreement with the observed band at 646 cm-1, but it does not explain the 
weak intensity of the observed band. A second possibility is to assign this band to the 
transition from the second SO level (Φ) of the neutral molecule to the second SO level 
(2E3/2) of the ion, which yields a theoretical transition at 522 cm-1 above the origin band. 
This assignment explains better the observed weak intensity though the calculated 
transition energy is considerably lower (by 124 cm-1) than the experiment. In either case, 
the assignment of this band is uncertain. 
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4.4.4 Formation of LnNH (Ln = La and Ce) 
 LnNH (Ln= La and Ce) is formed by Ln-mediated dehydrogenation of ammonia. 
Because the pathways for the formation of both LaNH and CeNH are very similar (Figure 
4.5 and Table 4.4), we will focus on one of the species, LaNH. The first step is La addition 
to NH3 to form an association complex, LaNH3 (IM1). The Ln association has a very small 
perturbation to the structure of ammonia as shown by the nearly identical N-H bond lengths 
in the coordinated and free NH3 (1.024 Å in LaNH3 and 1.015Å in NH3). It should be noted 
that the La-NH3 bonding is different from La-C2H4 where the C-C π bond is cleaved upon 
La addition, and sp2 carbons are transformed to sp3 carbons.51 The bonding difference arises 
from a largely electrostatic interaction (i.e., a dipole-induced diploe interaction) in La-NH3 
and an orbital interaction in La-C2H4. The second step involves the activation of two N-H 
bonds. The first N-H activation is through La insertion into a N-H bond to form an inserted 
complex, HLaNH2 (IM2), which is more stable than the adduct LaNH3. The enhanced 
stability of the inserted species is due to the formation of two new bonds (La-H and La-N) 
that overcompensates the loss of the N-H bond. The transition state (TS1) connecting the 
adduct and inserted species is characterized by an imaginary N-H stretching vibration 
(1412i cm-1) with H being migrated to La. The second N-H activation proceeds by the 
formation of a dihydrogen complex, (H2)LaNH (IM3), through transition state TS2 where 
H in the activated N-H bond migrates toward the La-bound H. (H2)LaNH is a dihydrogen 
rather than dihydride complex because the H-H distance (0.745 Å) in the complex is almost 
the same as that in a free H2 molecule (0.744 Å).  (H2)LaNH is less stable than HLaNH2 
because the cleavage of the La-H and N-H bonds requires more energy than that released 
from the formation of the H-H bond. The last step is the decomposition of H2LaNH into 
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LaNH and H2. As H2 is essentially nonbonding with LaNH in the complex, the 
decomposition reaction does not encounter any barrier. The overall reaction La + NH3 → 
LaNH + H2 is barrierless and exothermic by 42.7 kcal mol-1.  The energy profile for the Ce 
+ NH3 → CeNH + H2 reaction is very similar to that of the La reaction (Table 4.4), which 
is also barrierless and exothermic (by 39.8 kcal mol-1). Previously, the Ce +NH3 reaction 
in solid Ar matrices was reported to yield NCeH.221-222 It is noted that predicted reaction 
pathways for the formation of the two Ce isomers are the same up to HCeNH2 (IM2) and 
then diverge afterwards. For the formation of NCeH, the second N-H activation produces 
a dihydride complex, rather than a dihydrogen species as in the case of CeNH.   
4.5 Conclusions 
 LnNH (Ln = La and Ce) formed by the Ln + NH3 reactions are characterized by MATI 
spectroscopy and quantum chemical calculations. The spectrum of LaNH displays a single 
band system consisting of vibronic transitions associated with La+/La-N stretching and 
La+/La-N-H bending excitations in the 1Σ+ cation and 2Σ+ neutral molecule, respectively. 
The valence electron configuration of 2Σ+ is La 6s1, and ionization of the La-based 6s 
electron yields the 1Σ+ ion. The spectrum of CeNH exhibits two band systems, each shows 
the stretching and bending activities like that of LaNH. The low-energy valence electron 
configurations of the neutral and ion species are Ce 4f16s1 and Ce 4f1. The two band 
systems arise from transitions of the two lowest SO levels of the neutral molecule to the 
lowest SO level of the ion. The SO coupling occurs between the Ce 4f1 and 6s1 electrons. 
The lower SO level consists of nearly all triplet terms, while the higher level is a heavy 
mixture of triplet and singlet terms. The formation of both LnNH molecules proceeds with 
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exothermically concerted H2 elimination without any energy barriers. Additional studies 
on Ln reactions with simple amines would be interesting as they could explore the 
competition of the N-H and C-H bond activation and degrees of SO coupling in nonlinear 
Ln radicals.      
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Table 4.1.  Energies (cm-1) of the origin bands and vibrational frequencies (cm-1) of LnNH 
(Ln = La and Ce) from MATI spectra and theoretical calculations. 
aThe uncertainty for the AIEs are ~ 5 cm-1. 
bFor LaNH, the energy of the origin band and vibrational frequencies are from the 
DFT/B3LYP calculations, the values in parentheses are anharmonic frequencies. For 
CeNH, energies of the origin bands are from SO-MCQDPT calculations with vibrational 
zero-point corrections from the DFT/B3LYP calculations.  
Molecule MATIa Theoryb Mode description
LaNH (C∞v, 1Σ+  2Σ+) 
Origin band 40883 41321 
2 2/v v
+ (σ+) 808/763 840/780 (833/776) La-N stretch 
3 3/v v
+ (π) 526/458 565/502 (540/460) La-N-H bend 
CeNH (C∞v, E5/2  ∆ (S≈1), Φ 
Origin band 41496/41421 40590/40512 
2 2/v v
+ (σ+) 818/ 852/794 Ce-N stretch 
3 3/v v
+ (π) 530/ 563/492 Ce-N-H bend 
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Table 4.2. Lowest electronic terms before SO coupling, the lowest SO coupled levels, and 
AIEs of CeNH from relativistic ab initio calculations (all expressed in cm−1). The AIEs 
included zero-point energy correction that calculated by DFT/B3LYP calculations. 
Without SO coupling With SO coupling 
Term MCSC
F 
MCQDPT SO-
term 
SO-MCSCF SO-
MCQDPT 
Term 
contribution 
CeNH 
3Φ 0 
 
0 Δ 
(S≈1)
0 0 91% 3Φ, 6% 3∆, 3% 1∆ 
1Φ 356 216 Φ 132 78 40% 1Φ, 50% 3Φ, 9%3∆ 
3Δ 673 606 Π 
(S≈1) 
808 737 84% 3Δ, 13% 3Π, 3% 
1Π  
1Δ 1150 949 Δ 940 827 35% 1Δ, 45% 3Δ, 19% 
3Π 
CeNH+ 
2Φ 0 0 2E5/2 0 0 90% 2Φ, 10% 2∆ 
2∆ 538 494 2E3/2 642 600 82% 2Δ, 9% 2Π, 9% 2Σ+  
2Π 1245 1190 2E1/2 1148 1065 73% 2∆, 27% 2Σ+ 
AIE 38044 40607 38018 40590 
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Table 4.3. Bond lengths (Å), bond angles (o), and relative energies (Erel, cm-1) of the 
different spin states of the LnNH and NLnH (Ln = Na and Ce) molecules from 
DFT/B3LYP calculations. 
Stat
 
Erel N-H Ln-H Ln-N Ln-N-H N-Ln-H
2LaNH 2Σ+ 0 1.016 1.923 180.0 
4LaNH 4∆ 21004 1.019 2.216 180.0 
1LaNH
 
1Σ+ 41747 1.019 1.877 180.0 
3LaNH 3Σ+ 62586 1.021 2.144 180.0 
2NLaH 2A´ 14346 2.21
 
1.887 143.7
4NLaH 4A´ 30615 2.08
 
2.175  123.4
1NLaH
 
1Σ+ 75873 1.99
 
1.814  180.0
3NLaH 3A´ 76249 2.02 2.076  121.1
1CeNH 1Σ+ 9170 1.016 1.879 180.0 
3CeNH 3Φ 0/0 1.018/1.01
 
1.904/1.91
 
180.0/180.
 2CeNH
 
2Φ 42649/4123
 
1.021/1.01
 
1.857/1.87
 
180.0/180.
 4CeNH 4Π 63079 1.023 2.129 180.0 
1NCeH 1A´ 7437 2.12
 
1.703 133.1
3NCeH 3A´ 15374 2.20
 
1.848  164.2
2NCeH
 
2Φ 69342 1.93
 
1.720  180.0
4NCeH 4A´ 78710 2.01 2.037  122.9
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Table 4.4. DFT/B3LYP calculated relative energies (Erel, kcal mol-1) with and without 
vibrational zero-point energy (ZPE) corrections of the intermediates (IMn) and transition 
states (TSn) and imaginary frequencies (IMG, cm-1) for the formation of LaNH (2Σ+) and 
CeNH (3Φ) from Ln + NH3 (Ln = La and Ce) reactions. 
Species IMG Erel 
wo/ ZPE w/ ZPE 
La+NH3 0.0 0.0 
IM1 -15.5 -14.5 
IM2 -49.4 -54.0 
IM3 -35.3 -42.1 
TS1 1412i 1.8 -2.7 
TS2 1292i -24.2 -30.1 
LaNH + H2 -35.1 -42.7 
Ce+NH3 0.0 0.0 
IM1 -17.9 -16.9 
IM2 -45.5 -50.2 
IM3 -32.8 -39.5 
TS1 1408i 2.6 -1.9 
TS2 1280i -21.0 -26.9 
CeNH + H2 -32.2 -39.8 
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Figure 4.1. TOF mass spectra of the molecular beams produced by La 
+ NH3 (a) and Ce + NH3 reactions recorded at 239 nm. The seeding 
concentration of ammonia in He was 0.4%. 
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Figure 4.2. MATI spectrum (a) and simulation of 1Σ+ ←2Σ+ at 350 K 
(b) of LaNH. The energy and intensity of the origin band are aligned 
with or normalized to those of the experimental origin band. The 
band marked with “*” is a combination band of 526 + 808 cm-1. 
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σ+(Ce 6s)
π (Ce 5d + N 2p)
π (Ce 5d +N 2p)
φ (Ce 4f)
σ+ (La 6s)
π (La 5d + N 2p )
π (La 5d +N 2p)
LaNH CeNH
Figure 4.3. Valence molecular orbitals of LaNH (π4 (σ+)1) 
(left) CeNH (π4Φ1(σ+)1) (right). 
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Figure 4.4. MATI spectrum (a) and simulation of 2Φ ← 3Φ at 
350 K (b) of CeNH. The energies and intensities of the 
calculated origin bands are aligned with or normalized to those 
of the experimental origin bands. 
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Figure 4.5.  Reaction pathways and energy profiles for the 
formation of LaNH (2Σ+) (black trace) and CeNH (3Φ) (red 
trace) from La/Ce + NH3 reactions calculated at the 
DFT/B3LYP level, where IMn stands for intermediates and 
TSn transition states. 
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CHAPTER 5. SPIN-ORBIT COUPLING AND VIBRONIC TRANSITIONS OF 
TWO Ce(C4H6) ISOMERS PROBED BY MASS-ANALYZED THRESHOLD 
IONIZATION RELATIVISTIC QUANTUM COMPUTATION 
5.1 Overview 
Ce atom reactions with ethylene, 2-butene, and isobutene are carried out in a pulsed laser 
vaporization molecule beam source. Ce-containing species are observed with TOF-MS, 
and Ce(C4H6) is characterized with MATI spectroscopy and relativistic quantum chemical 
calculations. Two structural isomers are identified for Ce(C4H6): one is the tetrahedron-
like Ce[C(CH2)3] in C3v symmetry and the other is the five-membered metallocyclic 
Ce(CH2CHCHCH2) in Cs. The MATI spectrum of the C3v isomer exhibits two vibronic 
band systems separated by 88 cm-1, while that of the Cs isomer displays three splits by 60 
and 101 cm-1.  The multiple band systems are attributed to spin-orbit splitting and vibronic 
transitions involving metal-hydrocarbon and hydrocarbon-based vibrations.  The splitting 
in the C3v isomer arises from interactions of two triplet and two singlet states at the lowest 
energies, while each splitting in the Cs isomer involves two triplets and a singlet. Although 
Ce atom has ground electron configuration 4f15d16s2, Ce valence electron configurations 
in both isomers are 4f16s1 in the neutral ground state and 4f1 in the ion. The remaining Ce 
5d electrons in the isolated atom is spin paired in molecular orbitals that are bonding 
combination between Ce 5dπ and hydrocarbon π* orbitals.    
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5.2 Introduction 
 An important consequence of spin-orbit coupling in molecular systems is that spin 
forbidden transitions or reactions within non-relativistic quantum theory are not forbidden. 
Nonradiative transitions between two electronic states of different spin multiplicities, 
commonly termed intersystem crossing, play a critical role in photochemistry and photo 
physics with a broad range of applications in materials sciences,226-229 molecular 
photonics,230 photosensitizer,231 and photodynamic therapy.232 Spin forbidden reactions are 
common for transition and f-block metals through spin-flipping along the reaction pathway 
such that the most favored combination of thermodynamic and kinetic control can be 
achieved.233-234 Such spin-flipping has important implications in molecular activation and 
chemical catalysis. Among others, methane activation by metal ions, clusters, and 
compounds have been reported to involve hopping among different spin potential energy 
surfaces.235-241 A second consequence of the SO coupling, along with the scalar relativistic 
effect, is the impact on such phenomena as chemical bonding, electronic energetics, and 
structures of molecules. Recent examples include large electric potentials of the lead-acid 
battery,242 lowering orbital energies in enzymatic reactions,243 and modification of 
chemical bond pictures of molecules.244-246  
 To treat the relativistic effects, sophisticated computations have been developed and 
used to predict electronic states, energies, and molecular structures of f-block element 
containing molecules.136, 141, 176, 182, 247-272 However, such calculations have not always 
produced consistent results for molecular systems where comparisons are available from 
different models. For example, recent relativistic quantum chemical calculations on a 
diatomic uranium molecule yielded not only different electronic ground states but also 
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inconsistent bond orders.244-245 The calculations at the scalar relativistic second-order 
complete active space perturbation theory with the perturbative inclusion of the SO 
coupling resulted in the electronic ground state with a term symbol Ω=8g and a quintuple 
bond,245 whereas the calculations with the variational inclusion of the SO coupling lead to 
the electronic ground state  Ω=9g and a quadruple bond, where Ω is the total electronic 
angular momentum.244 Thus, it is desirable that cutting-edge relativistic computations are 
compared with spectroscopic measurements to assess the accuracy of computational 
models and improve the efficiency of the calculations via the development of new models 
or the improvement of the existing ones.  
 In this article, we report the SO coupling and vibronic transitions of two Ce(C4H6) 
isomers investigated with mass-analyzed threshold ionization (MATI) spectroscopy and 
relativistic quantum chemical calculations.  The two isomers of Ce(C4H6) are Ce[C(CH2)3] 
and Ce(CH2CHCHCH2). The former is formed in the Ce reaction with isobutene, while the 
latter is produced in the Ce reactions with ethylene and 2-butene. The ground valence 
electron configuration of the two isomers is Ce 4f16s1. The observed SO coupling arises 
from the interactions between triplets and singlets of the neutral species, and the vibronic 
transitions involves metal-ligand and ligand-based vibrations in both charged states. 
5.3 Experimental and Computational Methods 
5.3.1 Experimental  
 The metal-cluster beam instrument used in this work consists of reaction and 
spectroscopy vacuum chambers and was described in a previous publication.173 Ce(C4H6) 
was formed by Ce atom reactions with ethylene (≥ 99 %, Aldrich), 2-butene (≥ 99 %, 
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Aldrich), or isobutene  (≥ 99 %, Aldrich) in a laser vaporization metal cluster beam source. 
Ce atoms were generated by pulsed-laser (Nd:YAG, Continuum Minilite II, 532 nm, ~ 2 
mJ/pulse) vaporization of a Ce rod (99%, Metallium) in the presence of the 
hydrocarbon/He mixture (~10-4, 40 psi) delivered by a home-made piezoelectric pulsed 
valve.   The metal atoms and gas mixture entered a collision tube (2 mm diameter and 2 
cm length) and were then expanded into the reaction chamber, collimated by a cone-shaped 
skimmer (2 mm inner diameter), and passed through a pair of deflection plates. Ionic 
species in the molecular beam that were formed during laser vaporization were removed 
by an electric field (100 Vcm-1) applied on the deflection plates. The neutral products were 
identified by photoionization TOF mass spectrometry. A separate experiment was carried 
out to confirm that the alkene compounds were activated by Ce rather than the vaporization 
laser. In this experiment, the alkene compounds were introduced three centimeters 
downstream of the laser vaporization point. The reaction products formed in the two 
experiments were identical, though a higher alkene concentration in this experiment was 
required to produce comparable ion intensity in the mass spectra.  Because the alkene 
compounds bypassed the vaporization region, the direct excitation of the alkene 
compounds via the vaporization laser plays no role for the hydrocarbon activation. 
Prior to the MATI measurements, photoionization efficiency spectra of Ce(C4H6) were 
recorded to locate their approximate ionization thresholds to guide MATI scans. In the 
MATI experiment, Ce(C4H6) was excited to high-lying Rydberg states in a single-photon 
process and ionized by a delayed pulsed electric field. The excitation laser was the same as 
that for photoionization in the mass spectrometric and photoionization efficiency 
experiments and was the frequency doubled output of a tunable dye laser (Lumonics HD-
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500), pumped by the third harmonic output (355 nm) of a Nd:YAG laser (Continuum 
Surelite II). The laser beam was collinear and counter propagating with the molecular beam. 
The ionization pulsed field (320 V cm-1) was generated by two high voltage pulse 
generators (DEI, PVX-4140) and delayed by 20 µs from the laser pulse by a delayed pulsed 
generator (SRS, DG641). A small DC field (4.8 V cm-1) was applied to separate the ions 
produced by direct photoionization from the MATI ions generated by delayed field 
ionization. The MATI ion signal was obtained by scanning the wavelength of the tunable 
dye laser, detected by a dual microchannel plate detector, amplified by a preamplifier (SRS, 
SR445), visualized by a digital oscilloscope (Tektronix TDS 3012), and stored in a 
laboratory computer. Laser wavelengths were calibrated against vanadium atomic 
transitions in the MATI spectral region. The Stark shift on the ionization energy (IE) 
induced by the DC separation field was calculated using the relation IE = 6.1Ef1/2, where 
Ef is in V cm-1 and E is in cm-1.273   
5.3.2 Computational 
 DFT/B3LYP was used to calculate the equilibrium geometries and vibrational 
frequencies of Ce(C4H6) and Ce(C4H6)+ in the two isomeric forms.  The basis sets used in 
these calculations were 6-311+G (d, p) for C and H and the SDD effective-core-potential 
basis set with 28 electron core for Ce. No symmetry restrictions were imposed in initial 
geometry optimizations, but appropriate point groups were assigned in subsequent 
optimizations to help identify electronic symmetries. For each optimized stationary point, 
a vibrational analysis was performed to identify the nature of the stationary point 
(minimum or saddle point). The DFT calculations were performed with Gaussian 09 
software package.223 To compare with the experimental MATI spectra, multi-dimensional 
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Franck-Condon (FC) factors were calculated from the equilibrium geometries, harmonic 
vibrational frequencies, and normal coordinates of the neutral and ionized complexes.179 
In these calculations, recursion relations were employed, and the Duschinsky effect was 
considered to account for a possible axis rotation from the neutral complex to the cation. 
Spectral simulations were obtained using the experimental line width and Lorentzian line 
shape. Transitions from excited vibrational levels of the neutral molecule were considered 
by assuming thermal excitation at specific temperatures.  
 Relativistic quantum chemical computations on the two isomers of Ce(C4H6) and 
singly charged cations were carried out to account for the observed multiple band systems 
in the MATI spectra. These calculations involved two steps: the first step included scalar 
relativity corrections in the self-consistent field (SCF) process and the second step the 
additional Breit-Pauli operator as a perturbation in the final SO coupling computations. 
Scalar relativity was incorporated into the calculations using the local unitary 
transformation approximation115 for the infinite order two component transformations133-
134 of the one electron integrals. The orbital bases used in these calculations were quadruple 
zeta-quality core-correlating all-electron basis sets of Noro and coworkers (QZC).135-136  
Since only spdfg basis sets could be used in the gradient calculations, the 3h and 1i 
functions in the standard QZC basis for Ce were truncated from all calculations, but the 
full QZC bases for C and H were retained.  This basis set family has correlating functions 
for the valence and all upper core orbitals of Ce (as well as the 1s of C) so that the only 
orbitals excluded from correlation treatments were the deep core of Ce (1s, 2sp, 3spd 
shells). Equation of motion coupled-cluster (EOM-CCSD) calculations137 based on high-
spin restricted open shell SCF (ROHF)138 wavefunctions were used to survey the excited 
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states of both neutral and cation. Because of computational limitations, these EOM-CCSD 
calculations employed the double zeta core correlating basis set (DZC).135-136 SO 
calculations were based on small configuration interaction calculations, whose orbitals 
were obtained using the state-averaged MCSCF method.139  In these MCSCF calculations, 
the active spaces were two electrons with eight molecular orbitals (2, 8) for the neutral 
radical and one electron with seven molecular orbitals (1,7) for the singly charged ion. 
These molecular orbitals were Ce-based 6s and 4f atomic orbitals with Ce 4f16s1 electrons 
in the neutral species and 4f orbitals with a 4f1 electron in the ion.  Dynamic correlation 
effects and spin-orbit effects were treated as simultaneous perturbations by multi-reference 
quasi-degenerate perturbation theory (MCQDPT).140-141 the SO  calculations used the full 
Breit-Pauli operator.142-143 All relativistic calculations were performed using the GAMESS 
quantum chemistry package.144 
5.4 Results and Discussion 
5.4.1 Ce Reactions with Ethylene, Isobutene, and 2-Butene 
 Fig.5.1 displays the TOF mass spectra of Ce reactions with ethylene (a), isobutene (b), 
and 2-butene (c) recorded with 239 nm photoionization. The Ce + ethylene reaction forms 
two radicals: Ce(C2H2) and Ce(C4H6). Ce(C2H2) is generated by H2 elimination from an 
ethylene molecule, whereas Ce(C4H6) is likely formed by a secondary reaction involving 
both C-C coupling and H2 elimination. The mass spectra from Ce reactions with two 
butenes are essentially the same and show two major Ce-hydrocarbon radicals: Ce(C4H6) 
and Ce(C8H14). Ce(C4H6) is produced by H2 elimination of a butene molecule, while the 
formation of Ce(C8H14) involves C-C coupling and H2 elimination.  A small peak 
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corresponding to Ce(C2H2) is also shown in the mass spectrum of the Ce + 2-butene 
reaction, which is due to the C-C cleavage of the butene molecule.  CeO and Ce ions shown 
in all three mass spectra are generated by two-photon ionization processes as their 
ionization energies (IEs) are higher than the laser energy used for recording the TOF mass 
spectra.182-183 CeO could be formed by the reaction of Ce atoms with oxygen present in the 
helium carrier gas as an impurity or by the laser vaporization of Ce oxide impurity in the 
Ce rod. CeO then reacts with a butene molecule and form an adduct CeO(C4H8) without 
dehydrogenation, suggesting that CeO is less reactive than bare Ce atoms. The products of 
the Ce reactions with the three alkene molecules have the same stoichiometry as those of 
corresponding La reactions.51, 61 Because Ce has a similar chemically reactive low energy 
electron configuration (4f15d26s1, 0.294 eV) to La (5d26s1, 0.351eV), we expect reaction 
pathways for the formation of Ce(C4H6) to be similar to those of the corresponding La 
reactions, which have been described previously.51, 61   In this article, we will focus on 
spectroscopic and computational characterizations of two Ce(C4H6) isomers: Ce[C(CH2)3] 
and Ce(CH2CHCHCH2).  
5.4.2 MATI Spectra of Ce(C4H6) 
The MATI spectrum of Ce(C4H6) (Fig.5.2a) produced from the Ce + isobutene 
reaction consists of two vibronic band systems: one originates at 41908 (5) cm-1 and the 
other at 88 cm-1 to the red. Each band system displays a short 353 cm-1 progression with 
up to two vibrational quanta above the origin band and a 342 cm-1 hot band below. The 
stronger band system shows an additional weak band at 490 cm-1 above the 41908 cm-1 
origin band. The two vibronic band systems are confirmed by the spectrum of Ce(C4D6) 
(Fig. 5.2b) because the deuteration does not change the separation of the two band systems 
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even though it shifts the position of each vibronic band to the red. If the observed bands in 
the spectrum of Ce(C4H6) belong to a single vibronic system, the splitting of the doublets 
of each pair are expected to change as the deuteration reduces the vibrational frequencies.  
The MATI spectra of Ce(C4H6) formed in the Ce + ethylene and 2-butene reactions 
(Fig. 5.3) are essentially the same though the signal to noise ratios are slightly different, 
both exhibiting two vibronic band systems as does Ce(C4H6) formed in the Ce + isobutene 
reaction. However, the spectra of Ce(C4H6) from the ethylene and 2-butene reactions are 
shifted to the red by about 2000 cm-1 and the separation of the doublets of each pair is 
reduced to 60 cm-1.  Each of the two band systems consists of a 402 cm-1 progression and 
two additional bands at 172 and 478 cm-1 above the origin band and a 363 cm-1 band below. 
The stronger band system originating at 39838 (5)   cm-1 displays additional bands at 280 
and (280 + 402) cm-1 above the origin band. The 161 cm-1 band at the red of the 39838 (5) 
cm-1 origin band does not seem to fit into neither band system.  
The observation of MATI spectra in two spectral regions with different vibronic 
structures and each spectral region with more than one band system suggests that  more 
than one isomer of Ce(C4H6) is likely probed by the spectroscopic measurements.  
5.4.3 Two Isomers of (C4H6) 
Two low-energy structural isomers are predicted by DFT/B3LYP calculations: 
Ce[C(CH2)3] and Ce(CH2CHCHCH2) (Fig. 5.4), similar to the corresponding La(C4H6) 
complex reported previously.51, 59, 61 Ce[C(CH2)3] has a tetrahedron-like structure in C3v 
symmetry and Ce(CH2CHCHCH2)  has a cyclic structure in Cs symmetry, with the C3v 
isomer being more stable than the Cs isomer by 322 cm-1 (including vibrational zero-point 
corrections). Both isomers have a triplet ground electronic state [3A1 (C3v) or 3A′ (Cs)] with 
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Ce valence electron configuration 4f16s1 (Fig. 5.4).  The C(CH2)3 fragment in the C3v 
isomer is a trimethylenemethane diradical, where the  system consists of four  electrons 
delocalized over four -type molecular orbitals, two of which are degenerate.274 C(CH2)3 
has three equal C-C bonds (Table S5.4) and corresponds to the structure of the triplet 
ground state with two unpaired electrons in the degenerate  orbitals.274  The 
CH2CHCHCH2 moiety in the Cs structure  is a cis-butene-1,4-diyl and can also be 
considered a diradical with an unpaired electron localized on a carbon 2p orbital of each 
terminal CH2 group. In binding with these diradicals, the two 5d electrons of Ce are spin 
paired in a degenerate molecular orbital (e in C3v) or two nondegenerate orbitals (a′/a′′ in 
Cs) that are bonding combinations between Ce 5dπ orbitals and singly occupied * 
antibonding orbitals of the hydrocarbon fragment (Fig. 5.4). In this binding mode, the two 
Ce 5d2 electrons are essentially transferred to the hydrocarbon fragment, leading to a 
formal oxidation state of +2 and a 4f16s1 electron configuration with the 6s1 electron in the 
highest occupied molecular orbital in the triplet ground state of each isomer. The removal 
of the Ce-based 6s1 electron in each isomer by ionization yields a doublet ion state [2A1(C3v) 
or 2A′ (Cs)] with the Ce 4f1 configuration. Because the 6s1 electron is nearly non-bonding 
in nature (Fig. 5.4), ionization has a small effect on the geometry of the complex, consistent 
with the short spectral profiles observed in the MATI spectra of the two isomers. The AIE 
of Ce[C(CH2)3] (42434 cm-1) is predicted by the DFT calculations to be about 2000 cm-1 
higher than that of Ce(CH2CHCHCH2) (40670 cm-1), again in very good agreement with 
the measured AIE difference (2070 cm-1). Thus, the carrier of the MATI spectrum in the 
higher energy (Fig.5.2) can be assigned to the C3v isomer and that in the lower energy 
region (Fig. 5.3) to the Cs isomer. 
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5.4.4 SO Splitting 
 With the identification of the spectral carrier for each spectrum, we can now turn 
our attention to the origin of the splitting observed in the MATI spectra. To do so, we 
performed multiconfiguration computations without and with SO coupling at the MCSCF 
and MCQDPT levels. Because there are seven 4f orbitals in a Ce atom, the Ce 4f16s1 
configuration in the neutral state of either isomer could form seven triplets and seven 
singlets depending on the relative orientations of the 4f1 and 6s1 electrons, while the Ce 4f 
configuration in the ion could form seven doublet states. The symmetries of these 
electronic states are dictated by the symmetries of the 4f orbitals, which are 2a1 + a2 + 2e 
in C3v point group and 4A′ and 3A′′ in Cs. Tables 1 and 2 list several lowest Russell-Sanders 
(R-S) terms (i.e. terms without involving SO coupling) and SO coupled terms of the neutral 
molecule and ion of each isomer from these calculations.  SO terms of neutral molecules 
in the two tables are labelled with symmetries only because they are neither pure singlets 
nor triplets. If a SO term contains ≥90% triplets, it is indicated with S≈1. The SO coupled 
term symmetries are the direct products of the electron spatial and spin symmetries of 
major contributing R-S terms (≥10%) that yield a non-zero SO coupling matrix elements 
or a totally symmetric representation.275   
Ce[C(CH2)3].  The low-energy R-S terms (Table 5.1) are in a very narrow energy 
window and dynamic electron correlations added to MCSCF by MCQDPT calculations 
slightly affect the energies of most of these R-S terms. The small energy difference among 
these R-S terms are due to different orientations of the Ce 4f orbitals. From the MCQDPT 
results, it is tempting to assign the observed two band systems to the 12A1←13A1 and 12A1 
← 13A2 transitions as the predicted energy difference (91 cm-1) between the initial 13A1 
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and 13A2 states are almost (and accidently) the same as the observed separation (88 cm-1) 
between the two origin bands. However, this assignment could not explain why a transition 
from the 21A1 state at 202 cm-1 above the lowest-energy 13A1 state is not observed even 
though a clear signal is shown from the thermally populated 342 cm-1 vibrational level of 
the neutral molecule.  
The most likely explanation for the 88 cm-1 splitting in Fig. 5.2 is that it arises from 
the first degenerate 1E (S≈1) and the 2nd nearly degenerate (1A2/1A1) SO levels of the 
neutral molecule to the lowest degenerate 1E1/2 SO level of the ion (Table 5.1). The 
predicted average separation between 1A2/1A1 and 1E is 63 cm-1 at the SO-MCQDPT 
level, which is in reasonable agreement with the observed splitting. The two components 
of the 1E(S≈1) SO level consist of essentially the same mixture of the 13A1 and 13A2 R-S 
terms. The nearly degenerate 1A2 and 1A1 SO levels are largely the mixture of the triplet 
and singlet R-S terms with the former consisting of 13A1 and 11A2 and the latter of 13A2 
and 11A1. It should be noted that coupling between 3A1 and 1A1 or 3A2 and 1A2 is not 
symmetry allowed because the direct product of the representations of the symmetry 
species of either pair spin-orbital functions with SO Hamiltonian operator contains no 
totally symmetric representation. The next SO term 2E (S≈1) is predicted at 481 cm-1 by 
SO-MCQDPT, which is too high to be populated significantly. We can rationalize this by 
estimating the electronic temperature of the molecular beam. The observed intensity ratio 
of the two strongest bands I(41820cm-1) / I(41908 cm-1) is measured to be ~ 0.54. Using 
the 0.54 intensity ratio and the 88 cm-1 splitting of the two bands, we estimated the SO 
coupled electronic temperature to be ~210 K. At 210 K, the population of the predicted 
481 cm-1 2E (S≈1) level would be around 3% of the 1E(S≈1) level. This explains why 
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transition from the 1A1/1A2 SO level at 60/66 cm-1 is observed in the MATI spectrum while 
that from the 2A2 (S≈1) level at 481 cm-1 is not. The difference between the 1A1 and 1A2 
SO levels (6 cm-1) is too small to be resolved in our experiment, and thus the MATI 
spectrum displays only one band system from the transition of the 1A2/1A1 SO levels. 
Alternatively, the two band systems could be attributed to transitions from the lowest 
1E(S≈1) level of the neutral molecule to the 12E1/2 and 22E1/2 SO levels of the ion. However, 
this assignment fails to explain the large intensity difference of the two band systems 
because transitions from the ground SO level to the two SO levels of the ion with the similar 
electron configuration (i.e., 4f1) should have comparable ionization cross sections.       
Ce(CH2CHCHCH2).  Like the Ce[C(CH2)3] isomer, the observed two band systems 
in the spectrum of the Ce(CH2CHCHCH2) can be attributed to transitions of two lowest 
SO levels [1A′/A′′ (S=1) and 2A′ (S≈1)] of the neutral molecule to the lowest SO level 
(12E1/2) of the ion. The separation of the two lowest SO levels is predicted to be ~80 cm1 
at the SO-MCQDPT level (Table 5.2), in reasonable agreement with the measured value 
of 60 cm-1.  From the SO-MCQDPT calculations, the lowest (1A′/A′′) SO level is a mixture 
of spatial 3A′/ 3A′′ R-S terms; the second lowest (2A′) SO level is essentially 3A′, which is 
different from the C3v isomer where the second lowest SO term is a heavy mixture of a 
singlet and a triplet (Table 5.1).  The third lowest SO level (3A′) is located at 85 cm-1, 
which could not be resolved from the second lowest SO (2A′′) level at  80 cm-1 in our 
experiment, contributes to the lower-energy vibronic band system as well. The SO 
electronic temperature is estimated to be ~190 K from the observed intensity ratio of the 
two strongest bands at 39838 and 39788 cm-1. The 161 cm-1 band to the red of the 39838 
cm-1 origin band does not belong to the above band systems and likely arises from the 
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transition of the 4th SO level (4A′) of the neutral molecule to the lowest SO level (12E1/2) 
of the ion. The SO-MCQDPT value for this SO level is 184 cm-1, which is in reasonable 
agreement with the observed value. The 161 cm-1 band could not be a vibrational hot band 
because another band ~ 60 cm-1 above or below this band would have been observed if it 
were a vibrational hot band. 
It is interesting to note that even though the MATI spectrum of either isomer has 
covered the energy region of the first excited SO level (22E1/2) of the ion, this SO level is 
not observed by the experiment. From the FC viewpoint, transition from the ground SO 
level of the neutral molecule to the 22E1/2 SO level of the ion (which is predicted to be 108 
cm-1 for Ce[C(CH2)3] and 332 cm-1 for Ce(CH2CHCHCH2) at the SO-MCQDPT level) 
should have appreciable intensities because the geometries of the neutral and ionic species 
are expected to be similar. This may be due to shorter lifetime of the Rydberg states 
converging to the continuum of the excited SO level of the ion.  
5.4.5 Vibrational Assignments 
With the identification of the origin of the observed band systems, we now discuss 
vibrational assignments for the spectra by comparing with spectral simulations. We use the 
spatial 3A1 and 2A1 states to represent the initial and final SO levels of Ce[C(CH2)3] and 
3A′ and 2A′ to represent the initial and final SO levels of Ce(CH2CHCHCH2), respectively, 
to simulate the experimental spectra.  We  do so because the SO terms are made of these 
R-S terms. For Ce[C(CH2)3], the initial SO state [1E(S≈1)] consists of 47% 3A1 and 44% 
3A2, and the final SO state (12E1/2) consists of 46% 2A1 and 43% 2A2. The 3A1 and 3A2 
neutral states have identical geometries and vibrational frequencies, so do the 2A1 and 2A2 
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ion states. The best vibrational temperatures used for simulating the hot bands are 200 K 
for both isomers, which are comparable to the estimated SO electronic temperatures.  In 
the simulations presented in Figs 5.5 and 5.6, the theoretical 0-0 band energies and 
intensities are aligned with the measured values, but the vibrational frequencies are not 
scaled for direct comparison with the experiment. 
Fig. 5.5 compares the spectral simulations and experimental spectrum of Ce[C(CH2)3].  
Clearly, the simulation reproduces the observed 353 cm-1 progression above the origin band 
and the 342 cm-1 hot band below. The 353 cm-1 progression is assigned to vibronic 
transitions from the zero vibrational level of the neutral molecule to Ce-ligand stretching 
(ν6+, a1) levels of the ion, while the 342 cm-1 hot band is attributed to the transition from 
the first-excited Ce-ligand stretching (ν6, a1) level of the neutral molecule to the zero 
vibrational level of the ion.  The weak 494 cm-1 band doesn’t appear in the simulation but 
is comparable to the frequency (451cm-1) of a degenerate CH2 rocking (ν24+, e) in the ion. 
However, the degenerated mode is forbidden within the simple FC picture which is the 
basis of the simulation.  The activity of the degenerate mode could be due to the Herzberg-
Teller effect as observed previously in the MATI spectra of La(C4H6).59, 61    
The simulated and measured spectra of Ce(CH2CHCHCH2) are displayed in Fig. 5.6. 
Like Ce[C(CH2)3], the simulation reproduces nicely the observed 402 cm-1 progression, the 
280 and 478 cm-1 bands above each origin band and 363 cm-1 band below. The intensity of 
the 172 cm-1 is a bit underestimated in the simulation, but vertical expansion does show a 
transition around the weak band. By comparing the simulation with the experimental 
spectrum, the 402 cm-1 progression and the 363 cm-1 band are attributed to the metal-
terminal carbon stretch mixed with a terminal CH2 rock (ν6+/ν6, a′) in the ionic and neutral 
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species, respectively. The 478, 280, and 172 cm-1 bands are assigned to a terminal CH2 
rock (ν11+, a′), a C-H bend of the middle C2H2 group (ν13+, a′), and a Cterminal-Ce-Cterminal 
bend (ν14+, a′) in the ions.  
Table 5.3 summarizes the vibrational frequencies and origin band energies from the 
MATI spectra and theoretical calculations along descriptions of the observed modes. The 
theoretical 0-0 energies for the observed transitions are about 700 and 900 cm-1 below the 
measured values for Ce[C(CH2)3] and Ce(CH2CHCHCH2), which represent relative errors 
about ~ 2%. The theoretical vibrational frequencies for the metal-ligand stretching modes 
are very close to the experimental values, while the computational errors for metal-ligand 
bending or ligand-based vibrational modes are slightly larger.   
5.5 Conclusions 
Ce reactions with ethylene, 2-butene, and isobutene produce Ce(C4H6) by carbon-
carbon coupling of two ethylene molecules or dehydrogenation of a butene molecule. 
These reactions are similar to the corresponding La ones, suggesting that Ce 4f1 electron 
plays a trivial role in this type of reactions.  The spectroscopy of organocerium species, 
however, is much more complex than organolanthanum species because of the SO 
interactions. Two isomers are identified for the Ce(C4H6) species: one has a tetrahedron-
like C3v structure and the other a five-membered metallocycle in Cs symmetry. Both 
isomers have a Ce 4f16s1 valence electron configuration in the neutral molecule and Ce 4f1 
in the ion. The MATI spectrum of the C3v isomer exhibits two vibronic band systems, while 
that of the Cs isomer displays three with one showing only the origin band.  The observed 
vibronic band systems are attributed to transitions from two or three SO coupled levels of 
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the neutral species to the lowest energy level of the ion. The observed first SO splitting of 
the C3v isomer (88 cm-1) is significantly larger than that of the Cs isomer (60 cm-1).  The 
most active vibrational mode in both isomers is the symmetric metal-ligand stretch as the 
removal of the Ce 6s1-based electron should have the largest effect on the metal-ligand 
coordinates. However, such effect is relatively small as the observed spectral profile for 
the metal-ligand stretching is very short. One interesting observation that remains to be 
explored is the lack of the vibronic transition from the low energy SO coupled levels of the 
neutral species to excited levels of the ion even though these transitions are expected to be 
active as well.   
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Table 5.1. Lowest Russell-Saunders (R-S) terms before SO coupling, the lowest SO 
coupled levels, and AIEsa of Ce[C(CH2)3] (C3v) from relativistic ab initio calculations (all 
expressed in cm−1). 
aThe AIEs include vibrational zero-point energy corrections from DFT/B3LYP 
calculations. 
b R-S terms ≥ 10% 
Without SO coupling With SO coupling 
R-S 
term 
MCSCF MCQDPT     SO-term SO-
MCSCF 
SO-
MCQDPT 
R-S term 
contributionb 
Ce[C(CH2)3] 
13A1 0 
 
0 1E (S≈1) 0 0 47% 3A1, 44% 3A2 
13A2 31 91 
11A1 302 202  1A2 107 61 40% 1A2, 50% 3A1 
11A2 332 272 1A1 112 66 40% 1A1, 47% 3A2 
23A1 490 368 2A2(S≈1) 572 481 45% 3E, 55% 3E 
13E 533 529 2E(S≈1) 582 522 67% 3E, 32 3A1 
Ce[C(CH2)3]+ 
12A1 0 0 12E1/2 0 0 46% 2A1, 43% 2A2 
12A2 42 193 
22A1 193 200 22E1/2 108 108 53% 2A1, 47% 2E 
12E 333 395 
AIE 37610 41095 37580 41169 
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Table 5.2. Lowest Russell-Saunders (R-S) terms before SO coupling, the lowest SO 
coupled levels, and AIEsa of Ce(CH2CHCHCH2) (Cs) from relativistic ab initio 
calculations (all expressed in cm−1).  
aThe AIEs include vibrational zero-point energy corrections from DFT/B3LYP 
calculations. 
b R-S terms ≥ 1 
Without SO coupling With SO coupling 
R-S 
term 
MCSCF MCQDPT SO-term SO-
MCSCF 
SO-
MCQDP
R-S term contributionb 
Ce(CH2CHCHCH2) 
13A′ 0 0 1A′/A′′ 
(S≈1) 
0 0 73% 3A′, 26% 3A′′ 
23A′ 89 140 2A′(S≈1) 67 80 88 % 3A′ 
13A′′ 183 181  3A′ 137 85 44% 3A′, 43% 3A′′, 12% 
1A′
23A′′ 402 445 4A′ 265 184 38% 3A′, 26% 3A′′, 28% 
1A′
11A′ 484 465 5A′ 364 347 35% 3A′, 42% 3A′′, 21% 
1A′
33A′′ 682 461 2A′′ 427 384 26% 3A′, 51% 3A′′, 20% 
1A′′
21A′ 725 558 3A′′ 435 398 41% 3A′, 34% 3A′′, 22% 
1A′′
Ce(CH2CHCHCH2)+ 
12A′ 0 0 12E1/2 0 0 79% 2A′, 21% 2A′′ 
22A′ 62 100 
12A′′ 136 158 22E1/2 310 332 41% 2A′, 59% 2A′′ 
22A′′ 488 570 
AIE 36244 38970 36224 38964 
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Table 5.3.  Energies (cm-1) of the origin bands and vibrational frequencies (cm-1) of 
Ce[C(CH2)3] (C3v) and Ce(CH2CHCHCH2) (Cs) from MATI spectra and theoretical 
calculations. 
a The uncertainty for the AIEs are ~ 5 cm-1. 
b Energies of the origin bands are from the SO-MCQDPT calculations with vibrational 
zero-point corrections from the DFT/B3LYP calculations. The two origin bands of 
Ce[C(CH2)3] (C3v) refer to the 12E1/2 ← 1E(S≈1) and 12E1/2 ←1A2 SO coupled electronic 
transitions, while the three origin bands of Ce(CH2CHCHCH2) (Cs) refer to the 12E1/2 ← 
1A′/A′′(S≈1), 12E1/2 ← 2A′ (S≈1) +3A′  and 12E1/2 ← 4A′ SO coupled electronic 
Molecule MATIa Theoryb Mode 
description
Ce[C(CH2)3] 
Origin bands 41908/41820 41169/41106 
6 6/v v
+  (a1) 353/342 353/325 Ce-ligand stretch 
24v
+ (e) 490 451 CH2 rock 
Ce(CH2CHCHCH2) 
Origin bands 39838/39778/39677 38964/38882/38780 
11v
+ (a′) 478 492 Terminal CH2 rock 
12 12/v v
+ (a′) 402/363 393/361 Ce-ligand stretch & terminal CH2 rock 
13v
+ (a′) 280 312 Middle C2H2 group C-H bend 
14v
+ (a′′) 172 217 CH2-Ce-CH2 bend 
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transitions.  The vibrational frequencies of Ce[C(CH2)3] (C3v) calculated from 
DFT/B3LYP are for the 2A1 ion and 3A1 neutral R-S states, while those of 
Ce(CH2CHCHCH2) (Cs) are for the 2A′ ion and 3A′ neutral R-S states. 
Figure 5.1. TOF mass spectra of the molecular beams produced by Ce atom reactions 
with ethylene (a), isobutene (b), and 2-butene (c) recorded at 239 nm. Seeding 
concentrations of the organic compounds in He were ~10-4. 
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Figure 5.2. MATI spectra of Ce(C4H6) (a) and Ce(C4D6) (b) formed by Ce 
reactions with parent and deuterated isobutenes. The dark blue curves above 
the spectral curves represent the 5x vertical expansion to show the weak signals 
more clearly. 
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Figure 5.3. MATI spectra of Ce(C4H6) formed by Ce reactions 
with ethylene (a) and 2-butene (b). 
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a1(Ce 6s) e (Ce 5d + π*)a1 (Ce 4f)
aʹ(Ce 6s) aʹʹ (Ce 5d + π*)aʹ (Ce 4f)
C3v
Cs aʹ (Ce 5d + π*)
e (Ce 5d + π*)
Figure 5.4. Structures and valence molecular orbitals of Ce(C4H6) two isomers: 
Ce[(C(CH2)3) (C3v) (top) and Ce(CH2CHCHCH2) (Cs) (bottom). 
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Figure 5.5. MATI spectrum (a), sum (b) and individual (c) simulations at 
200 K of Ce[C(CH2)3] (C3v). The individual simulations in (c) are from the 
2A1 ← 3A1 transition with the energies and intensities of the calculated 
origin bands being aligned with and normalized to those of the 
experimental origin bands. 
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Figure 5.6. MATI spectrum (a), sum (b) and individual (c) 
simulations at 200 K of Ce(CH2CHCHCH2) (Cs). The individual 
simulations in (c) are from the 2A′ ← 3A′ transition with the energies 
and intensities of the calculated origin bands being aligned with and 
normalized to those of the experimental origin bands. 
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Table S5.4. Geometric parameters of Ce[C(CH2)3] (C3v) and Ce(CH2CHCHCH2) (Cs) and 
singly charged cations from the DFT/B3LYP calculations. Bond lengths are in units of Å 
and bond angles are in degrees. 
Ce[C(CH2)3] / Ce[C(CH2)3]+ Ce(CH2CHCHCH2)/Ce(CH2CHCHCH2)+ 
C-H  1.09/1.09 C2-H 1.09/1.09 
Ce-C1 2.44/2.42 C1-H 1.09/1.09 
Ce-C2/C3/C4 2.55/2.51 C1-C2 1.44/1.46 
C-C 1.43/1.43 C2-C3 1.38/1.39 
C1-C2-C3 115.5/114.8 Ce-C1/C4 2.48/2.41 
Ce-C2/C3  2.65/2.60 
C1-C2-C3 125.2/123.7 
C1-C2-C3 180.0/180.0 
Ce
C1C2 C3
C4 HH
H
HH
H
Ce
C1
C2 C3
C4
H
H
H
H
H
H
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CHAPTER 6. SPIN-ORBIT COUPLING AND VIBRONIC TRANSITIONS OF 
Ce(C3H4) AND Ce(C3H6) FORMED BY THE Ce REACTION WITH PROPENE: 
MASS-ANALYZED THRESHOLD IONIZATION AND RELATIVISTIC 
QUANTUM COMPUTAION  
6.1 Overview 
A Ce atom reaction with propene is carried out in a pulsed laser vaporization molecule 
beam source. Several Ce-hydrocarbon species formed by the C-H and C-C bond activation 
of propene are observed with TOF-MS, and Ce(C3Hn) (n = 4 and 6) are characterized with 
mass-analyzed threshold ionization spectroscopy (MATI) and density functional theory, 
multiconfiguration, and relativistic quantum chemical calculations. The MATI spectrum 
of each specie consists of two vibronic band systems, each with several vibronic bands. 
Ce(C3H6) is identified as an inserted species with Ce inserting into an allylic C-H bond of 
propene and Ce(C3H4) as a metallocycle through 1,2-vinylic dehydrogenation. Both 
species have a Cs structure with the Ce 4f16s1 ground valence electron configuration in the 
neutral molecule and the Ce 4f1 configuration in the singly charged ion. The two vibronic 
band systems observed for each species are attributed to ionization of two pairs of the 
lowest spin-orbit coupled states with each pair being nearly-degenerate. 
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6.2 Introduction 
 Spin-orbit coupling relaxes the spin selection rules and makes it possible for transitions 
between electronic states of different spin multiplicities and for chemical reactions crossing 
different spin states. The phenomenon of the intersystem crossing in non-radiative 
transitions has a broad range of scientific and technological applications in materials 
sciences,226-229, 242 molecular photonics,230 photosensitizer,231 photodynamic therapy.232 
Similarly, the spin-flipping along chemical reaction coordinates has important implications 
in molecular activations235-241 and enzymatic reactions.243  In addition to the relaxation of 
spin selection rules, The spin-orbit coupling (SOC) also affects the chemical bonding and 
molecular structures.244-246  
 Relativistic quantum chemical computations have been reported for numerous f-block-
containing molecules.136, 141, 176, 182, 247-272  In contrast, spectroscopic measurements of the 
SOC of the heavy-element containing molecules have considerably lagged behind.  Such 
measurements are desirable because computations with different sophistical models have 
not always produced consistent results244-245 and spectroscopic measurements could 
provide benchmarks for testing the accuracies of various computational models and guide 
possibly theoretical model improvements or new developments. We recently investigated 
the SOC of several reactive Ce-containing molecular species formed in the bond activation 
of small molecules and found the SOC and the extent of spin-state mixing were affected 
not only by the atoms or groups that bind with the Ce atom but also by the shape of the 
molecules.224, 275-276 For example, the separation of the lowest energy spin level of 
Ce(C4H6) is about 50% larger in a tetrahedron-like C3v structure than in a cyclic Cs 
structure.276  
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 As one of the simplest alkene molecules and the most important raw chemicals in 
petroleum industry, metal-mediated propene reactions have received considerable attention 
in experimental chemical physics and physical chemistry communities. Its reactions with 
metal ions were mainly studied with Fourier-transform ion-cyclotron resonance, guided-
ion-beam or other mass-spectrometry based methods.147, 151-152, 277-282 Its reactions with the 
neutral atoms were monitored by photoionization mass spectrometry of resultant species 
or laser-induced fluorescence measurements of the depletion of the metal atom 
concentration.154-156, 158-159, 162, 283-284 Recently, we characterized reactive La-hydrocarbon 
species formed by dehydrogenation, metal insertion, carbon-carbon bond cleavage and 
coupling using MATI spectroscopy and investigated reaction mechanisms in combination 
with density functional theoretical calculations.55, 59 In the reaction with propene, La atom 
undergoes an electron promotion from the ground valence electron configuration 5d16s2 to 
a low-energy configuration 5d26s1 to facilitate the La-C bonding between the La 5dπ and 
propene C 2p orbitals, and the resultant La-hydrocarbon species all have the ground 
electron configuration 6s1. Ce atom has the valence electron configuration 4f15d16s2 and is 
expected to have similar reactivity to that of La atom because the compact 4f orbitals are 
not envisioned to significantly participate in chemical bonding. Thus, resultant Ce-
hydrocarbon species from the Ce-propene reaction are expected to have the ground electron 
configuration 4f16s1, with the remaining two 5d electrons that are associated with the 
isolated Ce atom are spin paired with one or two ligand orbitals.  The coupling of the 4f 
and 6s1 orbitals would yield seven triplets and seven singlets depending on relative 
orientation of the 4f1 and 6s1 electrons. Furthermore, these triplets and singlets could 
interact each other and result in dense low-energy states and potentially complex electronic 
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spectra.  This article reports the MATI spectroscopy and relativistic quantum chemical 
calculations of Ce(C3H6) and Ce(C3H4) formed in the Ce + propene reaction. The MATI 
spectroscopy is used to measure the possible SOC and vibronic transitions, and the 
quantum computations are used to characterize if observed energy states arise from the 
mixing of the electronic states of different spin and if so, to what extent of such mixing is. 
6.3 Experimental and Computational Methods 
6.3.1 Experimental  
 The metal-cluster beam instrument used in this work consists of reaction and 
spectroscopy vacuum chambers and was described in a previous publication.173 Ce(C3H4) 
and Ce(C3H6) were formed by the Ce atom reaction with propene (99+ %, Aldrich) in a 
laser vaporization metal cluster beam source.  Ce atoms were generated by pulsed-laser 
(Nd:YAG, Continuum Minilite II, 532 nm, ~ 2 mJ/pulse) vaporization of a Ce rod (99%, 
Metallium) in the presence of the propene/He mixture (~10-4, 40 psi) delivered by a home-
made piezoelectric pulsed valve. The metal atoms and gas mixture entered a collision tube 
(2 mm diameter and 2 cm length) and were then expanded into the reaction chamber, 
collimated by a cone-shaped skimmer (2 mm inner diameter), and passed through a pair of 
deflection plates. Ionic species in the molecular beam that were formed during laser 
vaporization were removed by an electric field (100 Vcm-1) applied on the deflection plates. 
The neutral products were identified by photoionization TOF-MS. A separate experiment 
was carried out to confirm that propene was activated by Ce rather than the vaporization 
laser. In this experiment, propene vapor was introduced three centimeters downstream of 
the laser vaporization point. The reaction products formed in the two experiments were 
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identical, though a higher propene concentration in this experiment was required to produce 
comparable ion intensity in the mass spectra.  Because propene bypassed the vaporization 
region, the direct excitation of the alkene compound via the vaporization laser plays no role 
for the hydrocarbon activation. 
 Prior to the MATI measurements, photoionization efficiency spectra of Ce(C3H6) and 
Ce(C3H4) were recorded to locate their approximate ionization thresholds to guide MATI 
scans. In the MATI experiment, Ce(C3H6) or Ce(C3H4) was excited to high-lying Rydberg 
states in a single-photon process and ionized by a delayed pulsed electric field. The 
excitation laser was the same as that for photoionization in the mass spectrometric and 
photoionization efficiency experiments and was the frequency doubled output of a tunable 
dye laser (Lumonics HD-500), pumped by the third harmonic output (355 nm) of a 
Nd:YAG laser (Continuum Surelite II). The laser beam was collinear and counter 
propagating with the molecular beam. The ionization pulsed field (320 V cm-1) was 
generated by two high voltage pulse generators (DEI, PVX-4140) and delayed by 20 µs 
from the laser pulse by a delayed pulsed generator (SRS, DG645). A small DC field (4.8 
V cm-1) was applied to separate the ions produced by direct photoionization from the MATI 
ions generated by delayed field ionization. The MATI ion signal was obtained by scanning 
the wavelength of the tunable dye laser, detected by a dual microchannel plate detector, 
amplified by a preamplifier (SRS, SR445), visualized by a digital oscilloscope (Tektronix 
TDS 3012), and stored in a laboratory computer. Laser wavelengths were calibrated against 
vanadium atomic transitions in the MATI spectral region. The Stark shift on the ionization 
energy (IE) induced by the DC separation field was calculated using the relation ∆IE = 
6.1Ef1/2, where Ef is in V cm-1 and ∆ΙE is in cm-1.273   
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6.3.2 Computational 
 DFT/B3LYP was used to calculate the equilibrium geometries and vibrational 
frequencies of the neutral molecules and singly charged positive ions.  The basis sets used 
in these calculations were 6-311+G (d, p) for C and H and the SDD effective-core-potential 
basis set with 28 electron core for Ce. No symmetry restrictions were imposed in initial 
geometry optimizations, but appropriate point groups were assigned in subsequent 
optimizations to help identify electronic symmetries. For each optimized stationary point, 
a vibrational analysis was performed to identify the nature of the stationary point 
(minimum or saddle point). The DFT calculations were performed with Gaussian 09 
software package.223 To compare with the experimental MATI spectra, multi-dimensional 
Franck-Condon (FC) factors were calculated from the equilibrium geometries, harmonic 
vibrational frequencies, and normal coordinates of the neutral and ionized complexes.179 
In these calculations, recursion relations were employed, and the Duschinsky effect was 
considered to account for a possible axis rotation from the neutral complex to the cation. 
Spectral simulations were obtained using the experimental line width and Lorentzian line 
shape. Transitions from excited vibrational levels of the neutral molecule were considered 
by assuming thermal excitation at specific temperatures.  
 Relativistic quantum chemical computations were carried out to account for the 
observed two band systems in the MATI spectra. These calculations involved two steps: 
the first step included scalar relativity corrections in the self-consistent field (SCF) process 
and the second step the additional Breit-Pauli operator as a perturbation in the final SOC 
computations. Scalar relativity was incorporated into the calculations using the local 
unitary transformation approximation115 for the infinite order two component 
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transformations133-134 of the one-electron integrals. The orbital bases used in these 
calculations were quadruple zeta-quality core-correlating all-electron basis sets of Noro 
and coworkers (QZC).135-136  Since only spdfg basis sets could be used in the gradient 
calculations, the 3h and 1i functions in the standard QZC basis for Ce were truncated from 
all calculations, but the full QZC bases for C and H were retained.  This basis set family 
has correlating functions for the valence and all upper core orbitals of Ce (as well as the 1s 
of C) so that the only orbitals excluded from correlation treatments were the deep core of 
Ce (1s, 2sp, 3spd shells). Equation of motion coupled-cluster (EOM-CCSD) calculations137 
based on high-spin restricted open shell SCF (ROHF)138 wavefunctions were used to 
survey the excited states of both neutral and cation. Because of computational limitations, 
these EOM-CCSD calculations employed the double zeta core correlating basis set 
(DZC).135-136 SOC calculations were based on small configuration interaction calculations, 
whose orbitals were obtained using the state-averaged MCSCF method.139  In these 
MCSCF calculations, the active spaces were two electrons with eight molecular orbitals 
(2, 8) for the neutral radical and one electron with seven molecular orbitals (1,7) for the 
singly charged ion. These molecular orbitals were Ce-based 6s and 4f atomic orbitals with 
Ce 4f16s1 electrons in the neutral species and 4f orbitals with a 4f1 electron in the ion. 
Dynamic correlation effects and SOC effects were treated as simultaneous perturbations 
by multi-reference quasi-degenerate perturbation theory (MCQDPT).140-141 the SOC 
calculations used the full Breit-Pauli operator.142-143 All relativistic calculations were 
performed using the GAMESS quantum chemistry package.144 
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6.4 Results and Discussions 
6.4.1 Ce + Propene Reaction 
 Figure 6.1 displays the TOF mass spectrum of Ce reaction with propene recorded with 
239 nm photoionization. The mass spectrum shows mass peaks corresponding to Ce(C2H2), 
Ce(C3Hn) (n = 4 and 6), Ce(C4H6) and Ce(C6Hm) (m = 10 and 12). These complexes are 
formed through primary and secondary reactions. The primary reactions between Ce and 
propene (C3H6) yield Ce(C3H6) through the association or metal insertion into one of C-H 
bonds, Ce(C3H4) through the dehydrogenation of Ce(C3H6), and Ce(C2H2) through the 
demethylation of Ce(C3H6).  Secondary reactions responsible for the formation of the other 
metal-hydrocarbon species are likely Ce(C3H4) + C3H6 → Ce(C4H6) + C2H4, Ce(C3H4) + 
C3H6 → Ce(C6H10), and Ce(C3H6) + C3H6 → Ce(C6H12).  In addition to the metal-
hydrocarbon species, the mass spectrum shows the mass peaks corresponding to CeO and 
Ce, which are likely generated by two-photon ionization processes as their IEs are higher 
than the laser energy used for recording the TOF mass spectra.182-183 CeO could be formed 
by the reaction of Ce atoms with oxygen present in the helium carrier gas as an impurity 
or by the laser vaporization of Ce oxide impurity in the Ce rod.224, 275-276 The metal-
hydrocarbon species observed in the Ce + propene reaction are similar to those of the 
corresponding La reaction, with the exception of the C-C cleavage species.70,71 The C-C 
cleavage produces Ce(C2H2) through propene demethylation in the Ce reaction, whereas it 
yields La(CH2) by the removal of a C2H4 molecule from propene in the La reaction. The 
demethylation is likely the result of breaking the single C-C bond, while the removal of the 
C2H4 molecule could result from the breakage of the C=C double bond of a propene 
molecule. The observation of different C-C decoupling species reflects a subtle difference 
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between Ce and La reactivities. In this article, we will focus on the spectroscopic and 
computational characterizations of two Ce radicals formed by the primary reactions: 
Ce(C3H6) and Ce(C3H4). 
6.4.2 MATI Spectra 
 The MATI spectrum of Ce(C3H6) (Figure 6.2a) consists of two band systems, each 
with two 272 cm-1 intervals above the respective origin band and a 240 cm-1 interval below. 
The origin bands of the two systems are located at 41868 (10) and 41803 (10) cm-1, 
respectively.  For the higher energy band system, the spectrum also shows a weaker and 
less resolved band at 330 cm-1 above the origin band and a 32 cm-1 shoulder superimposed 
on the 272 cm-1 progression.  The spectrum of Ce(C3H4) (Figure 6.3a) is observed at a 
slightly lower energy than that of Ce(C3H6) and is congested above the two well-resolved 
bands at 41035 (10) and 40909 (10) cm-1.  However, careful inspection shows the observed 
transitions consist of well-structured vibrational bands. Associated with the strongest band 
at 41035 cm-1 are vibrational intervals of 557, 440, and 205 cm-1.  Above the 40909 cm-1 
band, the 557 and 440 cm-1 intervals can also be identified. Thus, the spectrum of Ce(C3H4) 
also involves two band systems with the same (557 and 440 cm-1) vibrational progressions, 
though the weaker 205 cm-1 transition is not clearly shown in the 40909 cm-1 band system. 
In addition to the above vibronic bands, the spectrum also shows a band at 360 cm-1 
(marked with “*”) to the blue of the 41035 cm-1 band origin.  
6.4.3 Structures and Vibronic Transitions without Spin-orbit Coupling 
 Figure 6.4 shows three low-energy isomers of Ce(C3H6) [H-Ce(CH2CHCH2), 
Ce(CH2CH2CH2), and Ce(CH2CHCH3) and two isomers of Ce(C3H4) [Ce(CHCHCH2) and 
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Ce(CHCCH3)], and Tables S6.5 and S6.6 present the bond lengths and angles of these 
isomers. The most stable isomer of Ce(C3H6) is predicted to be an inserted species H-
Ce(CH2CHCH2) and is identified as the carrier of the observed spectrum. The two isomers 
of Ce(C3H4) lie close in energy, and the three-membered cyclic species Ce(CHCCH3) is 
identified as the spectral carrier. In analyzing the observed vibronic transitions, we first 
compare the measurements with DFT calculations and spectral simulations without 
involving SOC. Such comparisons indicate that only one of the two MATI band systems 
can be explained by the DFT calculations.  
 Ce(C3H6).  Ce(C3H6) could be formed by Ce addition to propene or insertion into one 
of its C-H bond. Our DFT/B3LYP calculations locate three isomers as shown in Figure 
6.4(a, b, c). The most stable isomer is an inserted species H-Ce(CH2CHCH2) (Cs)  with Ce 
insertion into an allylic C-H bond of the methyl group (Figure 6.4a). The insertion of the 
allylic C-H bond is preferred because it is weaker than a vinylic C-H bond. The second 
lowest energy isomer is a four-membered cyclic complex Ce(CH2CH2CH2) (Cs) with Ce 
binding with two terminal carbon atoms  (Figure 6.4b) and is ~ 0.30 eV higher in energy 
than the inserted species. The four-membered cycle is an association complex where one 
of the hydrogen atoms in the methyl group is migrated to the middle carbon of propene. 
The third isomer is a three-membered ring Ce(CH2CHCH3) (C1) with Ce addition to the 
two vinylic carbons (Figure 6.4c) and ~ 0.51 eV above the insertion isomer . All three 
isomers have a triplet ground state with the valence electron configuration of Ce 4f16s1. 
Ionization removes the Ce 6s1 electron and yields a doublet ion. A bare Ce atom has the 
ground electron configuration 4f15d16s2. In forming these isomers, a Ce 6s electron in the 
ground electron configuration 4f15d16s2 is promoted to a Ce 5d orbital to form a low-energy 
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4f15d26s1 configuration to reduce the electron repulsion between the Ce 6s2 electrons and 
the electron cloud of the incoming ligand.  The remaining two electrons that are associated 
with the 4f15d26s1 configuration of the isolated Ce atom are spin paired with one or two 
ligand orbitals. For example, in the inserted species H-Ce(CH2CHCH2), the two electrons 
are in two 5d orbitals, with one pairing up with the H 1s1 electron in a σ bonding and other 
with the delocalized π1 electron of the CH2CHCH2 radical (Figure 6.5a). 
 To investigate the possible contributions from ionization of these isomers, we first 
compare the computed IEs and simulated spectra of all three isomers with the experimental 
measurement. The DFT predicted IEs (i.e., 0-0 transition energies) are 42417, 41718, and 
40934 cm-1 (5.26, 5.17, and 5.08 eV) for H-Ce(CH2CHCH2), Ce(CH2CH2CH2), and 
Ce(CH2CHCH3), respectively. Compared to the experimental IE 41868 cm-1 (5.191 eV), 
the calculated IEs of the three isomers are all within the DFT computational uncertainties, 
which are typically on the order of a fraction of eV for open-shell organometallic species. 
Therefore, the theoretical IEs could not be used to differentiate the three isomers.  Figure 
6.2(b, c ,d) displays the simulated spectra for the transitions from the triplet ground state 
of the neutral molecule to the doublet state of the ion of the three isomers at 200 K. In these 
simulations, the calculated 0-0 transition energy of each isomer is aligned with the 
strongest band at 41868 cm-1, but the theoretical vibrational frequencies are not scaled for 
the sake of clear comparison. The simulation of H-Ce(CH2CHCH2) (Figure 6.2b) displays 
a progression of 266 cm-1 and a hot band at 237 cm-1, which compares well to the measured 
272  and 240 cm-1 intervals, though the intensity of the 272 cm-1 progression is somewhat 
overestimated. The simulation of Ce(CH2CH2CH2) (Figure 6.2c) exhibits a very weak 0-0 
band and a long FC spectral profile from a strongly active 135 cm-1 ion mode and modest 
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active 324 and 528 cm-1 ion modes and thus does not mirror the observed spectrum at all. 
The simulation of Ce(CH2CHCH3) (Figure 6.2d) displays 197 and 266 cm-1 progression 
above the 0-0 transition and two hot bands corresponding to the first and second quantum 
transitions of a neutral vibrational mode at 101 cm-1. Although the separation (69 cm-1) of 
the 197 and 266 cm-1 progressions matches with the separation (65 cm-1) of the observed 
two band systems, the frequency of the active neutral mode (101 cm-1) is less than one half 
of the measured frequency (240 cm-1), and the predicted hot-band intensity is too high. The 
intensity of the hot band would be reduced by decreasing the simulation temperature; 
however, simulations at lower temperatures did not reproduce the observed sequence bands 
on the higher energy side of the 272 cm-1 progression. Therefore, only the simulation of 
the inserted species is in good agreement with the 41868 cm-1 band systems in the MATI 
spectrum. The measured energy and intensity of each band in the 41868 cm-1 band system 
are listed in Table S6.7, along with those from the DFT and multidimensional FC 
calculations. The 272 cm-1 progression and 240 cm-1 band are assigned to a largely Ce-H 
bond wag in the ionic and neutral species, respectively, while the 330 cm-1 band is 
attributed to another Ce-H bond wag (Table 6.1). Both of the Ce-H wags are coupled with 
the wagging motions of the CH2CHCH2 moiety. The difference between the two modes is 
that the wagging motions of the CH2CHCH2 moiety are in opposite directions. The activity 
of the Ce-H wag mode is due to a large change of the C2-Ce-H angle upon ionization (~ 
9.8o, Table S6.4). The 32 cm-1 shoulders are sequence bands due to the transitions from the 
first vibrational level of the 240 cm-1 mode in the neutral molecule to the vibrational levels 
of the 270 cm-1 mode in the ion.  It should be noted that the MATI spectrum of La(C3H6) 
formed in the La + propene reaction was also attributed to the ionization of the inserted 
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species H-La(CH2CHCH2), but the spectrum of La(C3H6) exhibits only single band 
system.55  
 Ce(C3H4). Ce(C3H4) is formed by dehydrogenation of propene. Dehydrogenation 
could occur from any of the three carbon atoms and produces various isomers. Figure 6.4 
(d,e) presents two lowest-energy isomers: Ce(CHCHCH2) (C1), a four-membered 
metallocycle formed by 1,3- or 3,3-dehydrogenation, and Ce(CHCCH3) (Cs), a three-
membered ring formed by 1,2-dehydrogenation. Ce(CHCCH3) is at slightly higher energy 
(995 cm-1 or 0.123 eV ) than Ce(CHCHCH2). Like Ce(C3H6), both Ce(C3H4) isomers have 
a triplet ground electronic state with the Ce 4f16s1 configuration in the neutral molecule 
and a doublet state with the Ce 4f1 configuration in the ion. The valence orbitals of the 
neutral Ce(CHCCH3) are presented in Figure 6.5b, which include the Ce 4f1- and 6s1-based 
orbitals, a spin-paired molecular orbital that is bonding combination between Ce 5dπ and 
hydrocarbon π* orbitals, and a C=C π orbital. The IEs are predicted to be 41912 cm-1 (5.196 
eV) for Ce(CHCHCH2) and 41622 cm-1 (5.160 eV) for Ce(CHCCH3), and both are 
comparable to the energy of the strongest band origin (41035 cm-1 or 5.088 eV) in the 
MATI spectrum (Figure 6.3a). The simulation of the Ce(CHCHCH2) 2A ← 3Α transition 
(Figure 6.3b) displays the strongest activity for an ion mode of 113 cm-1 and the modest 
activity for  three other ion modes of 281, 374, and 642 cm-1 and is not consistent with the 
observation of 205, 440 and 557 cm-1 vibronic bands. On the other hand, the simulation of 
the Ce(CHCCH3) 2A′ ← 3A′ transition shows three active ion modes at 222, 445, and 570 
cm-1, which are in very good agreement with the three observed vibronic bands (205, 440, 
and 557 cm-1) of the 41035 cm-1 band system. Table S6.7 lists the measured energy and 
intensity of each band of the 41035 cm-1 band system in comparation with those from the 
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theoretical calculations. By comparing the spectrum and the simulation of Ce(CHCCH3), 
the 205 cm-1 progression is assigned to the C2-CH3 in-plane bend excitation, the 440 cm-1 
progression to the Ce-C2 stretch in combination with a C2-CH3 in-plane bend, and the 557 
cm-1 progression to the Ce-C1stretch in combination with a C1-H in-plane bend (Table 
6.1). All three are the vibrational modes of the ion. The stronger activities of the Ce-C2 
and Ce-C1 stretching modes arise from the significant changes of the Ce-C1/C2 bond 
lengths (0.05 – 0.06 Å, Table S6.5) upon ionization. Although the simulation of the 2A′ ← 
3A′ transition of the Ce(CHCCH3) isomer successfully explains the observed three 
vibrational progressions, it fails to account for the 41622 cm-1 band system and the 360 cm-
1 band. These bands will be discussed in the next section by including the SOC.  
 The other isomer, Ce(CHCHCH2), is not observed by the MATI measurement even 
though it is predicted to be ~ 0.1 eV lower in energy than Ce(CHCCH3). A possible reason 
for the lack of the MATI spectrum of Ce(CHCHCH2) could be that the formation of the 
most stable isomer is kinetically unfavorable. However, a computational search of Ce + 
C3H6 reaction pathways shows no positive reaction barrier along the reaction coordinates 
for the formation of both isomers (Figure S6.6). A second possibility could be due to the 
unfavorable FC activity.  However, its simulation displays appreciable FC activities 
(Figure 6.4b). Moreover, a MATI spectrum was previously observed for La(CHCHCH2).55 
Thus, we suspect that the energy ordering of the two Ce(C3H4) isomers was predicted 
incorrectly.      
6.4.4. Spin-orbit Coupling 
 Attempting to explain the second band system in the spectra of Ce(C3H6) and 
Ce(C3H4), we performed multiconfiguration computations without and with SOC at the 
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MCSCF and MCQDPT levels. Because there are seven 4f orbitals in a Ce atom, the Ce 
4f16s1 configuration in the neutral states of both species could form seven triplets and seven 
singlets depending on the relative orientations of the 4f1 and 6s1 electrons, and the Ce 4f1 
configuration in the ion could form seven doublet states. The symmetries of these 
electronic states are determined by the symmetries of the 4f orbitals, which are 4A′ and 
3A′′ in Cs. Tables 6.2 and 6.3 list several lowest Russell-Sanders (R-S) terms (without 
SOC) and SOC terms of the neutral and ionic H-Ce(CH2CHCH2) and Ce(CHCCH3) species 
from these calculations.  The SOC terms of the neutral molecules in the two tables are 
labelled with symmetries only because they are neither pure singlets nor triplets. If a SOC 
term contains ≥90% triplets, it is indicated with S≈1. The SOC term symmetries are the 
direct products of the electron spatial and spin symmetries of the contributing R-S terms 
listing in the Tables that yield non-zero SOC matrix elements or a totally symmetric 
representation.275   
H-Ce(CH2CHCH2).  The low-energy R-S terms (Table 6.2) are in a very narrow energy 
window (< 0.1 eV). The MCSCF calculations treat primarily static electron corrections and 
predict the lowest energy triplets (13A′ and 23A′) to be slightly more stable than the lowest-
energy singlets (11A′ and 21A′) of the neutral species.  The energy ordering of the triplets 
vs. singlets is the same as that from the DFT calculations. Adding dynamic electron 
correlations to MCSCF by MCQDPT switches the energy ordering of the lowest-energy 
triplets and singlets but does not change the ordering of the other lower-energy states 
(13A′′, 11A′′, and 23A′′). For the ionic species, both MCSCF and MCQDPT methods yield 
similar results. The small energy differences (~ 100 cm-1)  between the 11A′/21A′ singlets 
and the 13A′/23A′ triplets suggest the potential mixing of the singlet and triplet spin states. 
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We thus performed additional calculations by including the SOC. Indeed, both SOC-
MCSCF and SOC-MCQDPT calculations (Table 6.2) predict strong interactions between 
the 1A′ and 3A′ states. At the MCQDPT level, the two lowest, nearly degenerate SOC terms 
1A′ and 2A′ consist of 44% 3A′ and 44% 1A′ S-R terms.  The next nearly-degenerate pair 
(1A′′/2A′′, S ≈ 1) is made of largely 3A′ S-R terms and is located at 76 cm-1 with SOC-
MCSCF or 33 cm-1 with SOC-MCQDPT above the 1A′/2A′ states.  Other SOC terms are 
made of largely 3A′ and 3A′′ S-R terms and are at considerably higher energies (≥ ~ 500 
cm-1). For the ionic species, the lowest SOC state is a degenerate state 12E1/2, which is 
followed by another degenerate state 22E1/2 at ~ 500 cm-1.  By comparing the multiple 
configuration calculations and splitting of the two band systems, the most likely assignment 
for the observed two band systems is that they arise from the 12E1/2 ← 1A′/2A′ and 12E1/2 
← 1A′′/2A′′ (S≈ 1) transitions of the inserted isomer.  This assignment gives the 
computational splitting of 76 cm-1 at the SOC-MCSCF level and 33 cm-1 at the SOC-
MCQDPT level. Both theoretical values are in fair agreement with the measured value of 
65 cm-1, though it is interesting to note that the computation without dynamic electron 
correlation treatment seems to be slightly better in this case.  With the SOC assignment, 
we can then refine spectral simulations by including both transitions. To do so, we use the 
13A′ S-R term to represent the initial neutral states and the 12A′ S-R term to represent the 
final ion state because the SOC levels are made of the 3A′ and 2A′ S-R terms, respectively. 
The combined simulation of the two SOC transitions (Figure 6.2e) clearly accounts for the 
observed two band systems      (Figure 6.2a).   
 Ce(CHCCH3). The MCSCF and MCQDPT calculations without and with SOC yield 
the same sequences for the low-lying energy states, and the dynamic electron correction 
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treatment by MCQDPT improves the energy calculations (as it brings energy down) for 
the S-R and SOC terms (Table 6.3). Without the SOC, the first two pairs of nearly-
degenerate 13A′/23A′ triplets and nearly-degenerate 11A′/ 21A′ singlets are separated by 
549 cm-1 at the MCSCF level and 335 cm-1 at MCQDPT level.  The theoretical separations 
are about 3-5 times larger than the 126 cm-1 splitting observed in the MATI spectrum 
(Figure 6.3a). With the SOC, the separation between the nearly-degenerate 1A′′/2A′′ (S ≈ 
1) states and the nearly-degenerate 1A′/2A′ state are calculated to be ~ 200 cm-1 with SOC-
MCSCF and ~130 cm-1 with SOC-MCQDPT. The computed energy separations by both 
SOC methods are in reasonable agreement with the measured splitting of 126 cm-1; 
Particularly, the value predicted by SOC-MCQDPT is almost identical to the experimental 
value. The SOC terms 1A′′/2A′′ contains mostly a 3A′ S-R term, while the next twin SOC 
terms consists of heavily mixed triplet and singlet S-R states. The reasonable match 
between the predicted and measured splitting suggests the observed two band systems in 
the MATI spectrum likely arise from the 12E1/2 ← 1A′′/2A′′ and 12E1/2 ← 1A′/2A′ 
transitions. The combined simulation from these two transitions by using 13A′ S-R state to 
represent for the initial SOC states and the 12A′ for the final SOC states is shown in Figure 
6.3c. Again, the calculated and measured spectra are in reasonable agreement. Transitions 
from other SOC terms (e.g., 3A′/3A′′, 4A′′, and 4A′) of the neutral molecule are not 
expected because they are at considerably higher energies and would not be significantly 
populated under supersonic cooling conditions. The intensity ratio of the two origin bands 
I40909 / I40135 ≈ 0.4, and from which the electronic temperature is estimate to be ~ 200 K. At 
this temperature, the population of the 3A′/3A′′ at 646 cm-1 from the SOC-MCQDPT 
calculations is only about 1%.  The transition at 360 cm-1 to the blue of the 41035 cm-1 
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origin band could be associated with the 22E1/2 - 1A′′/2A′′ transitions. The 22E1/2 ion state 
is predicted to be higher than the lowest ion state 12E1/2 by 537 cm-1 at the SOC-MCSCF 
level and by 484 cm-1 at the SOC-MCQDPT level.  However, because no other vibronic 
bands are observed, this assignment can only be tentative.    
6.5 Conclusions 
 The Ce atom reaction with propene produces several Ce-hydrocarbon complexes 
through Ce insertion, dehydrogenation, and carbon-carbon cleavage and coupling. 
Ce(C3H6) and Ce(C3H4) are probed by MATI spectroscopy. The spectrum of each species 
consists of two band systems, each with several vibronic bands. Ce(C3H6) is identified by 
combining the measured spectra with the DFT calculations as an inserted species H-
Ce(CH2CHCH2) and Ce(C3H4) as a dehydrogenation cyclic species Ce(CHCCH3). Both 
species have a Cs symmetry but with different shapes and a Ce 4f16s1 ground electron 
configuration. Ionization of each species by removing the Ce 6s electron yields the ionic 
species with the Ce 4f1 configuration. The multiconfiguration calculations without 
involving SOC predict that the lowest-energy states of the neutral molecules include a pair 
of nearly-degenerate triplet states and a pair of nearly-degenerate singlet states. The triplet 
and singlet states are predicted to be coupled with each other by the relativistic 
computations. The observed two band systems are attributed to the transitions from the two 
pairs of the lowest SOC neutral states to the lowest-energy doubly degenerate doublet ionic 
state.  
Supplementary tables and figures 
 See supplementary material for the geometries of three Ce(C3H6) isomers and two 
Ce(C3H4) isomers in the neutral and ionic states, experimental and calculated relative band 
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energies and intensities, and reaction pathways for the formation of the Ce(C3H4) two 
isomers from DFT/B3LYP calculations.  
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Table 6.1.  Energies (cm-1) of the origin bands and vibrational frequencies (cm-1) of H-
Ce(CH2CHCH2) (Cs) and Ce(CHCCH3) (Cs) from MATI spectra and theoretical 
calculations.  
a The uncertainty for the AIEs are ~ 10 cm-1. 
b Energies of the origin bands are from the SOC-MCQDPT calculations with vibrational 
zero-point corrections from the DFT/B3LYP calculations. The two origin bands of H-
Ce(CH2CHCH2) (Cs) refer to the 12E1/2 ← 1A′/2A′ and 12E1/2 ← 1A′′/2A′′ (S≈1) SOC 
electronic transitions, while the two origin bands of Ce(CHCCH3) (Cs) refer to the 12E1/2 
← 1A′′/2A′′(S≈1) and 12E1/2 ← 1A′/2A′ SOC electronic transitions.  The vibrational 
frequencies are calculated from DFT/B3LYP for the 2A′ ionic and 3A′ neutral R-S states of 
each species.   
cThe two Ce-H wagging modes are coupled with wagging motions of the CH2CHCH2 
moiety in opposite directions. 
Molecule MATIa Theoryb Mode 
description
H-Ce(CH2CHCH2) 
Origin 
bands 41868/41803 41489/41456 
 (a′) 330 343 Ce-H bond wagc 
 (a′) 272/240 266/237 Ce-H bond wagc 
Ce(CHCCH3) 
Origin bands 41035/40909 39850/39727 
(a′) 557 570 Ce-C1 stretch & C1-H in-plane bend 
(a′) 440 445 Ce-C2 stretch & C2-CH3 in-plane bend 
(a′) 205        222 C2-CH3 in-plane bend 
13v
+
14 14/v v
+
10v
+
11v
+
12v
+
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Table 6.2. Lowest Russell-Saunders (R-S) terms before spin−orbit coupling (SOC), the 
lowest SOC levels, and adiabatic ionization energies (AIEs)a of H-Ce(CH2CHCH2) (Cs) 
from the multiconfiguration calculations without and with SOC (all expressed in cm−1).  
aThe AIEs include vibrational zero-point energy corrections from DFT/B3LYP 
calculations. 
bR-S terms ≥ 2% from the SOC-MCQDPT calculations.   
Without SOC With SOC 
R-S 
term 
MCSCF MCQDPT SOC-
term
SOC-
MCSCF 
SOC-
MCQDPT 
R-S term 
contribution %
H-Ce(CH2CHCH2) 
11A′ 122 -126 1A′ 0 0 44 3A′,  44 1A′, 6 3A′′ 
21A′ 138 -86 2A′ 3 0 44 3A′,  46 1A′, 5 3A′′ 
13A′ 0 0 1A′′(S≈
1) 
77 29 89 3A′,  6 1A′′ 
23A′ 15 50 2A′′(S≈
1)
79 36 88 3A′,  6 3A′′, 3 1A′′ 
13A′′ 402 437 3A′′(S≈
1)
488 629 58 3A′′,  35 3A′, 4 
1A′′
11A′′ 716 513 4A′′(S≈
1)
542 642 50 3A′′,  40 3A′, 6 
1A′′
23A′′ 519 812 3A′(S≈1
)
646 719 55 3A′′,  38 3A′, 6 
1A′′
[H-Ce(CH2CHCH2)]+ 
12A′ 0 0 12E1/2 0 0 87 2A′,  10 2A′′ 
22A′ 33 54 
32A′′ 361 345 22E1/2 477 469 69 2A′,  29 2A′′ 
42A′′ 474 483 
AIE 37996 41464 37920 41489 
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Table 6.3. Lowest Russell-Saunders (R-S) terms before spin−orbit coupling (SOC), the 
lowest SOC levels, and adiabatic ionization energies (AIEs)a of Ce(CHCCH3) (Cs) from 
multiconfiguration calculations without and with SOC (all expressed in cm−1).  
aThe AIEs include vibrational zero-point energy corrections from DFT/B3LYP 
calculations. 
bR-S terms ≥ 2% from the SOC-MCQDPT calculations. 
Without SOC With SOC 
R-S 
term 
MCSCF MCQDPT SOC-
term
SOC-
MCSCF 
SOC-
MCQDPT 
R-S term 
contribution %
 Ce(CHCCH3) 
13A′ 0 
 
0 1A′′(S≈
1)  
0 0 91 3A′,  6 3A′′, 3 1A′′  
23A′ 10 3 2A′′(S≈
1) 
6 4 91 3A′,  7 3A′′, 2 1A′′ 
11A′ 549 331 1A′ 206 127 52 3A′,  37 1A′, 8 3A′′ 
21A′ 559 342 2A′ 210 131 52 3A′,  37 1A′, 8 3A′′ 
13A′′ 676 582 3A′/A′′(
S≈1)
727 646 98 3A′′ 
23A′′ 710 599 4A′′ 849 723 73 3A′′,  24 1A′′ 
11A′′ 1132 875 4A′ 880 800 81 3A′′,  14 1A′′ 
[Ce(CHCCH3)]+ 
12A′ 0 0 12E1/2 0 0 90 2A′,  10 2A′′ 
22A′ 33 54 
12A′′ 361 345 22E1/2 537 484 712A′,  28 2A′′ 
22A′′ 474 483 
AIE 37253 39870 37218 39856 
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Figure 6.1. TOF mass spectra of the molecular beams produced by the Ce 
atom reaction with propene recorded following photoionization at 239 nm. 
Seeding concentration of the organic compounds in He was ~10-4. 
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Figure 6.2. MATI spectrum (a) and simulations of Ce(C3H6) (b-e) at 200 K. 
Simulation (b) is for the 2A′ ← 3A′ transition of H-Ce(CH2CHCH2) (Cs), (c) for 
the 2A′ ← 3A′ transition of Ce(CH2CH2CH2) (Cs), (d) for the 2A ← 3A transition 
of Ce(CH2CHCH3) (C1), and (e) for the simulation representing the SOC 12E1/2 
← 1A′/2A′ and 12E1/2 ← 1A′′/2A′′(S≈1) 
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0 0 0
Figure 6.3. MATI spectrum (a) and simulations of Ce(C3H4) (b-d) at 200 K. 
Simulation (b) is for the 2A ← 3A transition of Ce(CHCHCH2) (C1), (c) for the 
2A′ ← 3A′ transition of Ce(CHCCH3) (Cs), and (d) for the simulation 
representing the SOC 12E1/2 ←1A′′/2A′′(S≈1) and 12E1/2 ← 1A′/2A′ transitions 
of Ce(CHCCH3). In the vibronic band assignments 10n , 11n , and 12n , n = 1 
and 2. 
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Ce
C1
C2
C3
H4
C1
C2
C3
Ce
(b), 2409 (c), 4159
(d), 0 (e), 995
C1 C2 C3
Ce
Figure 6.4. isomers and relative energies (cm-1) of Ce(C3H6) and 
Ce(C3H4): (a) H-Ce(CH2CHCH2) (Cs), (b) Ce(CH2CH2CH2) (Cs), (c) 
Ce(CH2CHCH3) (C1), (d) Ce(CHCHCH2) (C1), and (e) Ce(CHCCH3) 
(Cs). 
149 
(a) H-Ce(CH2CHCH2)       (b) (Ce(CHCCH3) 
aʹ(Ce 6s)
aʹʹ(Ce 4f)
aʹ(Ce 5d+π*)
aʹʹ(C=C π)
aʹ(Ce 6s)
aʹ(Ce 4f)
aʹʹ(Ce 5d+π*)
aʹʹ(Ce 5d+ H 1s)
Figure 6.5.  Four lowest-energy valence molecular orbitals of (a) 
H-Ce(CH2CHCH2) (Cs) and (b) Ce(CHCCH3) (Cs) with electron 
occupation for each orbital.  
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Table S6.4. Bond lengths (Å) and angles (o) (neutral / ion), point groups, relative energies 
(cm-1) and ionization energies (IE, cm-1) of the three isomers of Ce(C3H6) from B3LYP/6- 
311+G(d,p)/SDD calculations. 
H-Ce(CH2CHCH2)  Ce(CH2CH2CH2) (Cs)  Ce(CH2CHCH3) 
Ce-H4 2.08/1.99 NA NA 
Ce-C2 2.64/2.68 2.76/2.55 2.33/2.26 
Ce-C1 2.62/2.54 2.36/2.30 3.03/2.83 
Ce-C3 2.62/2.54 2.36/2.30 2.36/2.32 
C1-C2 1.41/1.40 1.57/1.56 1.52/1.51 
C2-C3 1.41/1.40 1.57/1.56 1.50/1.50 
C1-C2-C3 124.1/122.3 112.8/109.1 115.2/116.3 
C2-Ce-H4 121.9/112.1 NA NA 
Point group Cs Cs C1 
Energy 0 2409 4159 
IE 42417 41718 40934 
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Table S6.5. Bond lengths (Å) and angles (o) (neutral / ion), point groups, relative energies 
(cm-1) and ionization energies (IE, cm-1) of the three isomers of Ce(C3H4) from B3LYP/6- 
311+G(d,p)/SDD calculations.  
Ce(CHCHCH2) Ce(CHCCH3) 
C1-C2 1.48/1.51 1.34/1.35 
C2-C3 1.37/1.37 1.50/1.49 
Ce-C1 2.41/2.32 2.27/2.21 
Ce-C2 2.64/2.57 2.30/2.25 
Ce-C3 2.30/2.24 2.27/2.21 
C1-C2-C3 121.3/122.0 130.5/131.7 
Point group C1 Cs 
Energy 0 995 
IE 41912 41622 
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Table S6.6. Band energies (cm-1), intensities, and assignments for the 41868 cm-1 band 
system of the inserted species H-Ce(C3H5) (Cs). The experimental and calculated energies 
are from MATI measurements and B3LYP/6-311+G(d,p)/SDD calculations and relative to 
the 41868 cm-1 origin band. The experimental band intensities are estimated by the band 
height, and the calculated intensities are from multidimensional FC calculations at 200 K.  
Band Energy Band Intensity        Assignment 
Experimental Calculated Experimental Calculated 2A′ ← 3A′ 
-240 -237 0.33 0.37 1410 
0 0 1.00 1.00 000 
32 29 0.65 0.60 1411 
272 266 1.00 1.80 1401 
304 295 0.40 0.56 1412 
330 343 0.35 0.54 1301 
544 532 0.38 1.88 1402 
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Table S6.7. Band energies (cm-1), intensities, and assignments for the 41035 cm-1 band 
system of the three-membered cyclic Ce(C3H4) (Cs). The experimental and calculated 
energies are from MATI measurements and B3LYP/6-311+G(d,p)/SDD calculations and 
relative to the 41035 cm-1 origin band. The experimental band intensities are estimated by 
the band height, and the calculated intensities are from multidimensional FC calculations 
at 200 K.  
Band Energy Band Intensity        Assignment 
Experimental Calculated Experimental Calculated 2A′ ← 3A′ 
0 0 1.00 1.00 
205 222 0.10 0.14 
410 444 0.33 0.30 
440 445 0.35 0.30 
557 570 0.28 0.44 
880 890 0.08 0.07 
1114 1140 0.05 0.12 
0
00
1
012
2
012
1
011
1
010
2
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2
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Figure S6.5. Reaction pathways for the formation of the Ce(CHCHCH2) (C1, 
red) and Ce(CHCCH3) (Cs, blue) ) isomers of Ce(C3H4) in the Ce + propene 
reaction.  The relative energies (kcal mol-1) are calculated with B3LYP/6-  
311+G(d,p)/SDD. 
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CHAPTER 7. CONCLUSIONS 
An important finding of this work is that the extent of molecular SOC is closely 
associated with molecular shapes rather than valence electron configurations.  In 
molecules, SOC is modified from the usual spherical symmetry of the atom and 
couples the electron spin to current running around the molecule.285 The separations 
between the two pairs of the lowest SOC terms of the neutral complexes  are measured 
to be significantly different between H-Ce(CH2CHCH2) (65 cm-1) and Ce(CHCCH3) 
(126 cm-1) although the two complexes  have the same ground valence electron 
configuration Ce 4f16s1. Although H-Ce(CH2CHCH2) and Ce(CHCCH3) are both in 
Cs symmetry, their shapes are different with Ce inserting into an allylic C-H bond of 
the methyl group in H-Ce(CH2CHCH2), while Ce coordinating to the two vinylic 
carbon atoms in the cyclic Ce(CHCCH3). The SOC dependence on  molecule shapes 
has also been observed for the two isomers of Ce(C4H6) formed in the Ce + alkene 
reactions, where the tetrahedron like C3v isomer exhibits two SOC vibronic bands 
systems separated by 88 cm-1, while the five-membered metallocyclic Cs isomer 
displays three SOC terms split by 60 and 101 cm-1.276 On the other hand, the three-
membered cyclic Ce(CHCCH3) shows almost identical separation between the two 
pairs of the lowest SOC terms (126 cm-1) with that of the three-membered cyclic 
Ce(C2H2) (128 cm-1) formed in the Ce + ethylene reaction.224 In these two molecules, 
a hydrogen atom in Ce(C2H2) is replaced by a methyl group in Ce(CHCCH3).   
 Moreover, computed ionization energies, vibrational frequencies, and spin-
orbit splitting are generally in good agreement with MATI measured values. Multi-
configuration calculations with relatively small active spaces are proved to be quite 
156 
useful for predicting the SO splitting of the Ce complexes studied in this work. More 
work on other lanthanide complexes with various symmetries, sizes and electron 
configurations is desirable for further investigations of factors that affect the molecular 
SOC.  
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